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The feasibility of the fluoro-olefin function as a peptidomimetic group in inhibitors for dipeptidyl
peptidase IV and II (DPP IV and DPP II) is investigated by evaluation of N-substituted Gly-
Ψ[CFdC]pyrrolidines, Gly-Ψ[CFdC]piperidines, and Gly-Ψ[CFdC](2-cyano)pyrrolidines. Of
this later class, the (Z)- and (E)-fluoro-olefin analogues were prepared and chemical stability
in comparison with the parent amide was checked. Most of these compounds exhibited a strong
binding preference toward DPP II with IC50 values in the low micromolar range, while only
low DPP IV inhibitory potential is seen.

Introduction

The use of non-hydrolyzable amide isosteres is an
established approach to overcome one of the major
drawbacks in the use of peptides as therapeutic agents,
namely, their rapid degradation by peptidases. From the
virtually endless list of surrogates for the peptide bond
that have been suggested in the literature, olefinic
linkages probably show the highest structural resem-
blance to the parent structure (Figure 1).1,2

Generally, olefins and amides share a planar geom-
etry with bond angles close to 120°, owing to formal sp2

hybridization.3 While in ambient conditions the amide
bond can occur as the cis or the thermodynamically
more stable trans isomer, the much higher barrier to
rotation for alkenes offers the opportunity to prepare
peptidomimetics with a conformationally rigidified back-
bone.4 Compared to unsubstituted olefins, the introduc-
tion of a fluorine atom at the double bond has been
suggested as a modification leading to a superior amide
bond isostere. Theoretical studies and experimental data
indeed show that the fluoro-olefin unit and the peptide
bond share highly similar geometrical features, includ-
ing bond angles and bond lengths.3,5 Furthermore, the
high electronegativity of the fluorine atom renders a
dipolar character to the alkene bond mimicking the
charge distribution in amide functionalities, albeit less
pronounced than for the latter.5,6 Finally, a well-known
stability problem of olefin-based peptidomimetics con-
sisting of isomerization of the double bond into conjuga-
tion with the carboxylate group has never been de-
scribed for fluoro-olefin containing products, clearly
indicating a stabilizing effect of the fluorine atom on
the alkene junction.7,8 Despite its attractiveness as a
peptide bond isostere, surprisingly few examples of
biological acitivity of fluoro-olefin peptidomimetics have
been described in the literature. Allmendinger et al.
reported the preparation of a substance P analogue
containing the (Z)-Phe-ψ[CFdCH]-Gly dipeptide isos-
tere.7,9 In a receptor binding assay, this compound was

almost as active as substance P itself, exhibiting higher
chemical stability and receptor binding affinity com-
pared to the trans olefin analogue. Bartlett and Otake
experimentally verified the applicability of tripeptide
analogues with the (Z)-Gly-ψ[CFdCH]-Leu-Xaa struc-
ture as ground-state analogue inhibitors of the zinc
endopeptidase thermolysin.10 More recent contributions
by Welch et al. in the field of dipeptidyl peptidase IV
inhibition will be discussed later.

Proline selective serine dipeptidylpeptidases cleave
dipeptides from the amino terminus of peptides or
proteins with proline preferentially at the penultimate
position. Representative examples are dipeptidyl pep-
tidase II, IV, 8 and 9 (DPP II, DPP IV, DPP8, and DPP9)
and fibroblast activating protein R (FAPR).11 DPP IV is
by far the best studied member among these enzymes,
and it is currently a well validated target for the
treatment of type 2 diabetes.12,13

Since the discovery of Xaa-(2-cyano)pyrrolidines (1,
Figure 2) as potent, reversible inhibitors of DPP IV,
efforts have been made for the further improvement of
these “lead” structures in terms of activity and target
selectivity.14 The potent DPP IV inhibition of these
compounds can be subscribed to the electrophilic car-
bonitrile function that can interact with the catalytic
serine-OH group in the active site of the enzyme.
Recently, X-ray diffraction data of enzyme-inhibitor
complexes have indicated that the relatively strong
inhibition results from the reversible formation of an
intermediary enzyme-bound imidate.15 This compound
class includes many potent inhibitors of the enzyme, but
most suffer more or less from chemical instability due
to the intramolecular cyclization of the N-terminal
amine onto the nitrile, forming inactive cyclic amidines
and/or their diketopiperazine hydrolysis products
(Scheme 1A). This cyclization requires the inhibitor to
assume the cis amide conformation, a situation that is
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Figure 1. Peptide bond isosteres.
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more common for prolylamide bonds than for other
peptide bonds.

Pyrrolidide (2) and thiazolidide (3) based inhibitors
that lack the nitrile moiety possess greater stability,
though at the cost of reduced potency, with a few very
recent notable exceptions.16-18 Introduction of bulky,
N-terminal amino acids (4) in the 2-cyanopyrrolidine
series seemed to result in an improved chemical stabil-
ity.14 Other efforts to overcome these instability prob-
lems were based on the introduction of bulky N-substi-
tuted glycine residues at the P2 position of these
2-cyanopyrrolidine-based inhibitors. A large number of
inhibitors containing N-substituted glycines with dif-
ferent steric and electronic characteristics have been
prepared.19-21 The more hindered adamantyl analogue
(5) is a potent, stable, selective DPP IV inhibitor
possessing oral availability and a pharmacokinetic
profile with potential for once-a-day administration.
Recently, a series of aminoacyl-L-cis-4,5-methanopro-
linenitrile-based inhibitors with â-branching in the
N-terminal amino acid (6) provided enhanced chemical
stability and high inhibitory potency.22

Changing the five-membered ring in these pyrrolidine
or 2-cyanopyrrolidine based DPP IV inhibitors into a
six-membered ring decreased the DPP IV inhibitory
potency and rendered compounds with an increased
DPP II affinity.23,24 This observation was exploited and
led to the preparation of the most potent (IC50 ) 10-9

M) and selective (106) DPP II inhibitors (7) known
today.25 Introduction of a 2-nitrile function in the
piperidine ring of this series resulted in less potent and
less selective DPP II inhibitors compared to their
respective parent compounds.24,25 This is in sharp

contrast with the known potentiating effect of a 2-nitrile
function in pyrrolidine-based DPP IV inhibitors.

The concept of conformationally constrained (Z)-
fluoro-olefin dipeptide isosteres that mimic the active
“trans” conformation of the dipeptidyl peptidase inhibi-
tors was already exploited by Welch et al.26-28 in
synthesizing fluoro-olefin analogues of two known in-
hibitors with alanyl-Ψ[CFdC]-proline structure (8).
Although no general and unambiguous conclusions
considering the effect on inhibitory potency of introduc-
ing the fluoro-olefin group in these compounds can be
drawn from only two examples, Welch could experimen-
tally verify that there is indeed enzyme affinity for these
peptidomimetics.

We focused our research on fluoro-olefin analogues
of N-substituted glycylpyrrolidides (9.7), -piperidides
(9.8), and -(2-cyano)pyrrolidines (11.7) as DPP IV or
DPP II inhibitors. To fully assess the feasibility of the
fluoro-olefin function as a peptidomimetic group in these
inhibitors, the olefin (10), amide (15), and thioamide (16)
analogues of selected compounds were also prepared.

The five-membered- (9.7) and six-membered-ring
analogues (9.8) were both investigated, since we previ-
ously reported that inhibitors with pyrrolidine at the
P1 position are more potent and selective for DPP IV,
whereas the piperidine analogues are potent and selec-
tive DPP II inhibitors.24

The preparation of both the (E)- and (Z)-fluoro-olefin
analogues of N-substituted Gly-2-(cyano)pyrrolidines
(11.7) offers the opportunity to examine the generally
assumed trans selectivity of these well-known DPP IV
inhibitors.29 These compounds were originally not de-
signed as DPP II inhibitors because of the above-
mentioned fact that nitriles are less interesting for this
enzyme. Chemical stability of both (Z)- and (E)-isomers
in comparison with the parent amide was investigated.
Indeed, Welch et al.27 claimed improved stability of the
(Z)-fluoro-olefin 8 (X ) CN), but the authors did not
make a comparison with the parent amide or the (E)-
isomer. Likewise, also the in vitro enzyme inhibition by
this inhibitor 8 (X ) CN) was not compared to the
parent amide compound.

Chemistry

The core problem in the synthesis of peptidomimetic
fluoro-olefins consists of the construction of the â-fluoro-
â,γ-unsaturated amine group of these compounds. In the
most straightforward approach, target products are

Figure 2. Proline-derived DPP IV and DPP II inhibitors.

Scheme 1. Inactivation Mechanism of
(2-Cyano)pyrrolidines (A) and the (E)-Fluoro-Olefin
Analogue (B)
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synthesized from a suitable R-fluoro-R,â-unsaturated
carbonyl or carboxyl precursor.10,27,30 Valuable alterna-
tives, including a strategy based on the Aza-Cope
rearrangement or reduction-oxidative alkylation (R-
OA) methodology, have been reported.7,31,32

For the synthesis of our target compounds, R-fluoro-
R,â-unsaturated esters 9.1 and 9.2 and the R,â-unsatur-
ated esters 10.1 and 10.2 were prepared from cyclopen-
tanone or cyclohexanone using an optimized Wadsworth-
Horner-Emmons protocol described previously (Scheme
2).33 The successful outcome of this reaction seems to
be very much confined to specific reaction conditions and
the use of NaH as base. Further steps comprise the
saponification of the ethyl ester in 9.1, 9.2, 10.1, and
10.2 and the coupling of the free acids 9.3, 9.4, 10.3,
and 10.4 with the amine component. Reduction of the
resulting R-fluoro-R,â-unsaturated amide group in 9.5
and 9.6 and in 10.5 and 10.6 occurred through a POCl3
preactivation to the chloroimidate, followed by LiAlH4
reduction.33

The methodology developed for the Wadsworth-
Horner-Emmons reaction and the reduction of R-fluoro-
R,â-unsaturated amide bonds was also used for the
synthesis of the E- and Z-fluoro-olefin analogues of
selected N-substituted Gly-2-(cyano)pyrrolidines.33 Simi-
lar to Welch,26,27,30 racemic TBDMS-protected (2-hy-
droxymethyl)cyclopentanone was chosen as the starting
material for the construction of the pseudodipeptide

skeleton (Scheme 3). The yield of the subsequent fluoro-
olefination was 74%, with a 1.3 E/Z isomeric ratio.
Double bond isomers of 11.1 were separated by column
chromatography. The fluoro-olefin products 11.1 were
then subjected to alkaline hydrolysis in almost quanti-
tative yield (11.2) and coupled to the appropriate amine
using the standard peptide coupling reagent TBTU. For
the activation and reduction sequence of R-fluoro-R,â-
unsaturated amides 11.3, 2 equiv of diisopropylethy-
lamine were added to the reaction mixture to prevent
acidolytic cleavage of the TBDMS group by hydrogen
chloride produced during the reaction with POCl3. After
reduction, the crude amines 11.4 were Boc-protected,
followed by selective acidic hydrolysis of the TBDMS
group and chromatographic purification of the resulting
alcohols. The Jones oxidation protocol was then used
for the synthesis of the acids 11.5, followed by activation
with isobutyl chloroformate and transformation into the
corresponding primary amides 11.6. Dehydration in
high yield gave the protected carbonitriles. Acidolytic
deprotection of the Boc group using TFA provided the
final products 11.7. The structural identity of (Z)- and
(E)-isomers was accomplished by preparing the (Z)- and
(E)-aldehydes for which NMR data were provided by
Welch et al.30 For this purpose, the N-methoxy-N-
methylamides (“Weinreb amides”) were prepared by
coupling acids 11.2 to N-methoxy-N-methylamine using
TBTU. A clean LiAlH4 reduction provided the alde-

Scheme 2. Synthesis of the Fluoro-Olefin and Olefin Compoundsa

a Reagents: (a) ethyl(diethoxyphosphoryl)(fluoro)acetate (9) or ethyl(diethoxyphosphoryl)acetate (10), NaH, Et2O, 0 °C; (b) KOH, MeOH/
H2O; (c) RNH2, TBTU, DIEA, CH2Cl2; (d) POCl3, CH2Cl2; (e) LiAlH4/Et2O, 0 °C.

Scheme 3. Synthesis of the (Z)-Fluoro-Olefin Analogues of N-Substituted Gly-2-(cyano)pyrrolidines (11.7/1)a

a Synthetic steps for the (E)-isomers (11.7/2) are identical. Reagents: (a) ethyl (diethoxyphosphoryl)(fluoro)acetate, NaH, Et2O, 0 °C;
(b) KOH, MeOH/H2O; (c) RNH2, TBTU, DIEA, CH2Cl2; (d) POCl3, DIPEA, CH2Cl2; (e) LiAlH4/Et2O, 0 °C; (f) (Boc)2O, DIPEA, CH2Cl2; (g)
AcOH/H2O, THF; (h) Jones’ reagent (CrO3/aqueous H2SO4), acetone; (i) i-Bu-OC(O)Cl, DIEA, CH2Cl2; (j) NH4OH; (k) POCl3, imidazol,
pyridine, 0 °C; (l) TFA, CH2Cl2.
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hydes. 1H-1H NOESY experiments on the amides 11.3
were indicative for the same conclusion.

For the synthesis of the parent compounds (Scheme
4), the N-Boc-N-substituted glycine part 12 was pre-
pared from activated (n-BuLi) Boc-protected amine and
ethyl bromoacetate, followed by alkaline hydrolysis. The
free acids 12 were coupled to pyrrolidine, piperidine, or
prolinamide. The thioamide analogues 16 were obtained
by refluxing intermediates 13 with Lawesson’s reagent
in toluene. Dehydration of the intermediates 14 pro-
vided the nitrile group. Final deprotection of the Boc
group using TFA offered the target products 15-17.

Biochemical Evaluation
Biochemical data of a series of fluoro-olefin analogues

of N-substituted glycylpyrrolidines and -piperidines are
summarized in Table 1. For randomly selected R groups,
the nonfluorinated olefin analogues and their parent
amide and thioamide compounds were prepared, and
biochemical results are give in Table 2.

Most strikingly, compounds with a fluoro-olefin (9.7,
9.8) peptide bond isostere preferentially bind to DPP II
rather than to DPP IV. This tendency is observed for
both products with a five-membered and a six-mem-
bered ring, and it does not reflect the behavior of the
recently described amide-containing pyrrolidine and
piperidine based DPP II inhibitor.23,24

Comparing the assay results of fluoro-olefins (9.7, 9.8)
and their nonfluorinated alkene analogues (10.7, 10.8),
both types of isosteric replacement for the amide bond
unexpectedly seem to result in similar DPP II affinities
in the same range as the parent amides. A possible
rationale for the absence of significant DPP IV affinity
in the (fluoro-)olefin series might come from recently
reported crystallographic structures15,34-36 of (peptide)
inhibitor-DPP IV complexes: in all of these structures,
the inhibitor’s P2-P1 amide oxygen atom is involved in
hydrogen bonding with Asn710 and Arg125 side chains
of the enzyme. The poor hydrogen bond acceptor char-
acteristics of the fluoro-olefin peptidomimetic series
might therefore contribute to the low DPP IV inhibitory
potency of these products. Although the DPP II crystal
structure is not yet available, our results suggest that
hydrogen bonding is less critical for DPP II affinity.

As expected, thioxylation of the amide group leads to
an increased affinity for DPP II.24,37 This effect is

qualitatively identical to the result of introducing olefin
peptide bond surrogates in the inhibitor’s backbone. The
lower hydrogen-bonding capacity of sulfur compared to

Scheme 4. Synthesis of the Parent Amide (15, 17) or Thioamide (16) Compoundsa

a Reagents: (a) n-BuLi, THF, 78 °C; (b) ethyl bromoacetate, Et2O; (c) KOH, MeOH/H2O; (d) TBTU, DIEA, pyrrolidine/piperidine (13)
or prolinamide (14), CH2Cl2; (e) TFA, CH2Cl2; (f) Lawesson’s reagent, toluene; (g) POCl3, imidazol, pyridine, 0 °C.

Table 1. Inhibition Data of Fluoro-Olefin Analogues of
N-Substituted Glycylpyrrolidides (9.7) and -piperidides (9.8)a

a In a standard assay for evaluation of the DPP IV inhibition,
the highest concentration of test compound was 1000 µM. Because
of solubility problems, the highest concentration measured was
sometimes limited to 125, 250, or 500 µM. In the case of enzyme
activity, >50% in the presence of the highest concentration (X)
tested, the IC50 value is reported as >X.
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oxygen might likewise be invoked to offer an explanation
for the low DPP IV inhibitory potential of these thioa-
mide products.

It is hard to draw general conclusions on which of the
R substituents might be seen as favorable for (DPP II)
inhibition. For the 4-(N-benzyl)piperidyl substituent
potent DPP II inhibitory potency was noticed within the
fluoro-olefin series (9.8k) as well as for the parent amide
(15.2d). Flexible alignment of 2,4-L-diaminobutanoylpi-
peridine (Dab-Pip), a known DPP II inhibitor,23,24 and
9.8j using MOE-FlexAlign provided a possible explana-
tion for the DPP II inhibitory activity of 9.8j and 9.8k.
The top solution showed a nice overlap between the
R-nitrogen of Dab-Pip and the acyclic nitrogen of 9.8j,
between the side chain nitrogen of Dab-Pip and the
piperidine nitrogen of 9.8j, and between the carbonyl
oxygen of Dab-Pip and the fluorine of 9.8j (Figure 3).
Therefore, one can assume that both compounds can
adopt a similar conformation upon binding to DPP II.
We previously also reported25 that introduction of a
benzyl group on the side chain nitrogen of Dab-Pip
increased the inhibitory activity. An increase in potency
was also seen for 9.8k, which is a competitive inhibitor
with respect to the substrate Ala-Pro-p-nitroanilide.

The biochemical data of the fluoro-olefin nitriles are
summarized in Table 3. The most surprising fact is the
observation that the cis and trans isomers of all fluoro-
olefin nitriles have roughly the same inhibitory poten-
tial, in the cases of both DPP IV and DPP II. This
contrasts with the generally accepted idea that, at least

for DPP IV, (peptide) substrates or inhibitors should be
in the trans conformation to allow enzyme recognition.
Different enzyme binding modes of peptides and fluoro-
olefin inhibitors might give a plausible explanation.

Comparing the amide nitriles 17 to the fluoro-olefin
nitriles 11.7, a decrease in affinity for both enzymes was
observed. In agreement with the results of the fluoro-
olefins 9.7 and 9.8, the reduced affinity of the fluoro-
olefin nitriles 11.7 compared to the parent amides
nitriles 17 is more pronounced for DPP IV than for DPP
II. Indeed, for DPP IV the potentiating effect of the
cyano group could not compensate for the low affinity
of the fluoro-olefin function. Only the adamantyl sub-
stituted compound 11.7b has some affinity but is
approximately 40 times less potent than the parent
amide 17b. For DPP II, the fluoro-olefin nitriles 11.7
are slightly less potent than the corresponding amide
nitriles 17 and the corresponding fluoro-olefins without
nitrile (9.7). This latter finding confirms our previous
findings that an extra cyano group has no potentiating
effect on DPP II inhibitors.25

Solution Stability

To investigate the chemical stability of the fluoro-
olefin nitriles, the disappearance of the (Z)-fluoro-olefin
11.7c/1, (E)-fluoro-olefin 11.7c/2, and the parent amide
17c in a buffered solution (pH 7.5) of 37 °C was
monitored using HPLC and LC-MS. The amide 17c
had a half-life of 4 h. Two new compounds were formed:
a more polar compound with an identical mass and a
less polar compound with an M + 1 mass. These data

Table 2. Inhibition Data of Olefin Analogues of N-Substituted
Glycylpyrrolidides (10.7) and -piperidides (10.8) Together with
the Parent Amides (15) and Thioamides (16)a

a If the IC50 value was estimated to be above the highest
concentration (X) tested, this activity parameter is indicated as
>X.

Figure 3. Alignment of Dab-Pip and 9.8j. Carbon atoms of
Dab-Pip are shown in gray, and carbon atoms of 9.8j are shown
in yellow. Hydrogens are omitted for clarity reasons.

Table 3. Inhibition Data of Both the (Z)- and (E)-Isomers of
Fluoro-Olefin Analogues of Selected N-Substituted
Gly-2-(cyanopyrrolidines) (11.7/1 and 11.7/2) and Their Parent
Amides (17)a

a If the IC50 value was estimated to be above the highest
concentration of complete solubility (X), this activity parameter
is indicated as >X.
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are consistent with the formation of a cyclic amidine
(Scheme 1A, X ) NH) and a diketopiperazine (Scheme
1A, X ) O). The initially formed cyclic amidine reached
a maximum concentration after about 10 h and was
almost completely converted to the diketopiperazine
after 80 h.

The half-lifes of both the (Z)- and (E)-fluoro-olefin
nitriles were approximately 200 h. However, their
degradation pathways were substantially different. The
only degradation product observed for the (Z)-fluoro-
olefin 11.7c/1 has a mass of M - 20. This probably
results from an elimination of HF. A compound with a
mass of M - 20 was also observed for the (E)-fluoro-
olefin 11.7c/2. However, after long incubation of this
latter olefin, traces of a more polar compound with
identical mass and a less polar compound with mass M
+ 1 were also detected. These data are consistent with
the formation of a cyclic amidine (Scheme 1B, X ) NH)
and a cyclic amide (Scheme 1B, X ) O). Therefore, we
conclude that in contrast to the (Z,trans)-fluoro-olefin
nitriles, the (E,cis)-fluoro-olefin nitriles undergo a cy-
clization of the amine onto the nitrile. This latter
observation is similar to the cyclization of the parent
amide nitriles after conversion to the cis amide bond,
although at a much slower rate.

Conclusions

Fluoro-olefin (9.7, 9.8) and olefin (10.7, 10.8) com-
pounds with five- and six-membered rings mimicking
respectively N-substituted Gly-pyrrolidines (15.1) and
-piperidines (15.2) were prepared and evaluated for
inhibitory potency toward DPP IV and DPP II. Most of
these compounds exhibited a strong binding preference
toward DPP II with IC50 values in the low micromolar
range. The low DPP IV inhibitory potential of the fluoro-
olefin peptidomimetics can possibly be explained by the
fact that the fluoro-olefin isostere acts as a less effective
hydrogen bond acceptor compared to the amide bond,
while hydrogen bond formation seems less critical for
DPP II inhibition. In contrast to the parent amides, no
significant increase in DPP II inhibitory potency is seen
when changing from a five- to a six-membered ring at
the P1 position.

Introduction of a carbonitrile in the fluoro-olefin series
(11.7) does not result in increased DPP IV or DPP II
inhibitory activity. For DPP IV in particular, the lack
of affinity is quite significant and does not correspond
to the behavior of the parent amides where introduction
of a nitrile leads to an outspoken (factor 1000) improved
DPP IV inhibition. Only minimal differences in enzyme
affinity is observed between cis and trans isomers of
these fluoro-olefin nitriles. This observation contrasts
with the generally accepted idea that, at least for DPP
IV, (peptide) substrates or inhibitors should be in the
trans conformation to allow enzyme recognition. Stabil-
ity studies in aqueous solution indicate that both the
cis and trans isomers have significantly improved
stability over the parent amide.

The 4-(N-benzyl)piperidyl and 4-piperidyl substitu-
ents yield low micromolar DPP II inhibitory potency in
the fluoro-olefin series (9.7g, 9.8j, 9.8k).

In conclusion, fluoro-olefins are unfavorable peptido-
mimetics in DPP IV inhibitors in terms of affinity
presumably because of the reduced hydrogen bond

acceptor potential of fluorine compared to the carbonyl
oxygen. However, in DPP II inhibitors fluoro-olefins
have comparable affinity but show a highly increased
solution stability when present in analoguous aminoa-
cyl-(2-cyano)pyrrolidines. So, depending on the situa-
tion, fluoro-olefins are valuable peptidomimetics.

Experimental Section

Analysis. Characterization of compounds was done with 1H
NMR and 13C NMR spectrometry and mass spectrometry. 1H
NMR and 13C NMR were recorded on a Bruker Avance DRX-
400 spectrometer (400 MHz). Electrospray (ES+ and ES-) mass
spectra were acquired on a Bruker Esquire 3000 plus mass
spectrometer. Purity of the final products was verified using
two different HPLC systems, one equipped with mass detection
and the other equipped with UV detection. LC-MS chromato-
grams were recorded on an Agilent 1100 series HPLC system
using a C18 column (2.1 mm × 50 mm, 5 µm, Supelco, Sigma-
Aldrich) coupled to a Bruker Esquire 3000 plus mass spec-
trometer (0-80% ACN, 22 min, 0.2 mL/min). Reversed-phase
HPLC chromatograms were obtained from a Gilson instrument
(Viliers-le-bel, France) equipped with an Ultrasphere ODS
column (4.6 mm × 250 mm, 5 µm, Beckman, Fullerton, CA)
and UV detection (10-100% ACN, 35 min, 214 nm, 1 mL/min).

Inhibition Measurements. DPP IV was purified from
human seminal plasma as described previously.38 DPP II was
isolated from the same source using techniques described
previously for purification of the enzyme from rat kidney,39

supplemented with adenosine deaminase affinity chromatog-
raphy to eliminate contaminating DPP IV. Initial velocities
were measured at 37 °C with the chromogenic substrates Gly-
Pro-p-nitroanilide (100 µmol/L) at pH 8.3 for DPP IV and Lys-
Ala-p-nitroanilide (1 mmol/l) at pH 5.5 for DPP II. Test
compounds were dissolved and diluted in DMSO (final con-
centration DMSO during assay 5% v/v). All measurements
were carried out in duplicate. The initial evaluation of
compounds was carried out at 1 mmol/L or, in the case of
solubility limits, the highest concentration possible. If vi/vo

(initial velocity in the presence of inhibitor/velocity in the
presence of DMSO) was less than 0.5, an IC50 value was
determined experimentally using at least six different con-
centrations of inhibitor.

For those compounds with IC50 values below 5 µmol/L for
one of the enzymes, the analysis was repeated using a new
stock of compound. Generally, independent measures of IC50

differed less than 20% from each other. The IC50 value was
defined as the inhibitor concentration that caused a 50%
decrease of the activity under assay conditions. The enzyme
concentration is defined as Eo, and the inhibitor concentration
is represented by Io. IC50 values were calculated with the
GraFit software40 using the following equation:

where s is the slope factor when plotting vi/vo versus log I0 and
the background represents the estimated minimal vi/vo value.
Competition measurements were carried out using Ala-Pro-
p-nitroanilide as the DPP II substrate. Activity measurement
were carried out using nine inhibitor concentrations (9.8k) at
fove different substrate concentrations ranging form 25 µM
to 1 mM.

Flexible Alignment. MOE-FlexAlign as implemented in
the MOE 2003.02 software from the Chemical Computing
Group Inc. was used with standard settings. Both compounds
were first energy-minimized with mmff94 as force field using
force field partial charges. A stochastic conformational search
was done prior to alignment. Each alignment is given a score
that quantifies the quality of the alignment in terms of both
internal strain and overlap of molecular features.

vi

vo
) 1

1 + ( Io

IC50
)s

+ background
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Solution Stability. Stock solutions (100 mM) in DMSO
were prepared for the different compounds. An amount of 100
µL of this stock solution was diluted to a final volume of 5 mL
with a phosphate buffer, pH 7.5 (0.1 M potassium phosphate,
1 mM sodium azide, 1mM EDTA). These solutions were
incubated at 37 °C and injected into analytical HPLC and LC-
MS instruments at regular time intervals.

Analytical HPLC was run on a Gilson instrument (Viliers-
le-Bel, France) equipped with a UV/vis detector 118, two
pumps 306, a manometric module 805, a dynamic mixer 811C,
and an autoinjector 234 using the Unipoint 1.65 software. An
Ultrasphere ODS column (4.6 mm × 250 mm, 5 µm, Beckman,
Fullerton, CA) was used, and the mobile phase was composed
of solution A (trifluoroacetic acid/water (0.1%)) or solution B
(trifluoroacetic acid/acetonitrile (0.1%)). A 40 min linear gradi-
ent from 10% to 80% B was carried out. The flow rate was 1
mL/min, the injection volume was 20 µL, and detection was
at 214 nm. Disappearance curves of the compounds were
constructed from the integrated peak areas versus time. The
half-life was calculated using linear analysis based on first-
order kinetics. LC-MS chromatograms were recorded on an
Agilent 1100 series HPLC system using a C18 column (2.1 mm
× 50 mm, 5 µm, Supelco, Sigma-Aldrich) coupled to a Bruker
Esquire 3000 plus mass spectrometer (0-80% ACN, 22 min,
0.2 mL/min).

Synthesis. General Procedure. Wadsworth-Horner-
Emmons Fluoro-Olefination (9.1, 9.2, 11.1) or Olefination
(10.1, 10.2). To a stirred suspension of sodium hydride (0.83
g, 20.75 mmol of a 60% dispersion in mineral oil) in freshly
dried ether (60 mL) at -5 °C was dropwise added ethyl
(diethylphosphono)(fluoro)acetate (5 g, 20.66 mmol) (for 9.1,
9.2, 11.1) or ethyl (diethylphosphono)acetate (for 10.1, 10.2).
The yellowish suspension was then stirred for another 5 min
until hydrogen evolution stopped. A solution of cyclopentanone
(20.2 mmol, 1.7 g) or cyclohexanone (20.2 mmol) or racemic
TBDMS-protected 2-(hydroxymethyl)cyclopentanone (4.6 g,
20.2 mmol) in 10 mL of freshly dried ether was dropwise added
to the Wadsworth-Horner-Emmons reagent, the cooling bath
was removed, and the mixture was stirred for an additional 4
h. The nonvolatile components of the reaction mixture were
then adsorbed on silica (10 g) by evaporation under reduced
pressure and purified by column chromatography (hexane/CH2-
Cl2 8:2) to give the target products as a colorless oil. For
compound 11.1 the total yield was 74%. The double bond
isomers were separated on column chromatography to yield
the (Z)-11.1/1 and (E)-11.1/2 isomers. TLC (CH2Cl2/hexane,
50:50): Rf ) 0.47 for product 11.1/1 and Rf ) 0.5 for product
11.1/2.

Ethyl Cyclopentylidene(fluoro)acetate (9.1). Yield: 84%.
1H NMR CDCl3 (400 MHz): δ 1.33 (t, 3JH-H ) 9.2 Hz, 3H,
-OCH2CH3), 1.45-1.63 (m, 4H, CH2CH2CH2CH2),), 2.12-2.29
(m, 2H, CH2CH2CH2CH2), 2.37-2.48 (m, 2H, CH2CH2CH2CH2),
4.28 (m(q), 2H, -OCH2CH3). MS (ES+) m/z: 195.1 (M + Na)+.

Ethyl Cyclohexylidene(fluoro)acetate (9.2). Yield: 81%.
1H NMR CDCl3 (400 MHz): δ 1.32 (t, 3JH-H ) 9.2 Hz, 3H,
-OCH2CH3), 1.38-1.57 (m, 6H, CH2CH2 CH2CH2CH2),), 2.02-
2.18 (m, 2H, CH2CH2CH2CH2CH2), 2.25-2.36 (m, 2H, CH2-
CH2CH2CH2CH2), 4.28 (m(q), 2H, -OCH2CH3). MS(ES+) m/z:
209.2 (M + Na)+.

Ethyl Cyclopentylideneacetate (10.1). Yield: 78%. 1H
NMR CDCl3 (400 MHz): δ 1.32 (t, 3JH-H ) 9.2 Hz, 3H,
-OCH2CH3), 1.45-1.63 (m, 4H, CH2CH2CH2CH2),), 2.12-2.29
(m, 2H, CH2CH2CH2CH2), 2.78-2.91 (m, 2H, CH2CH2CH2CH2),
4.2 (q, 2H, -OCH2CH3), 5.51 (s, 1H, dCH). ES+-MS m/z: 178.2
(M + Na)+.

Ethyl Cyclohexylideneacetate (10.2). Yield: 75%. 1H
NMR CDCl3 (400 MHz): δ 1.31 (t, 3JH-H ) 9.2 Hz, 3H,
-OCH2CH3), 1.42-1.61 (m, 6H, CH2CH2 CH2CH2CH2), 2.09-
2.22 (m, 2H, CH2CH2CH2CH2CH2), 2.72-2.91 (m, 2H, CH2-
CH2CH2CH2CH2), 4.19 (q, 2H, -OCH2CH3), 5.52 (s, 1H, dCH).
MS(ES+) m/z: 192.1 (M + Na)+.

Ethyl (2Z)-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}-
methyl)cyclopentylidene](fluoro)ethanoate (11.1/1).
Yield: 42%. 1H NMR CDCl3 (400 MHz): δ 0.03 (s, 6H,

Si(CH3)2), 0.88 (s, 9H, SiC(CH3)3), 1.34 (t, 3JH-H ) 9.2 Hz),
1.70-1.91 (m, 4H, CH2CH2CH), 2.68-2.75 (m, 2H, CH2CH2-
CH2), 3.36-3.44 (m, 1H, CH), 3.50 (t, 2JH-H ) 3JH-H ) 9.2 Hz,
1H, CH2O), 3.72-3.78 (dd, 2JH-H ) 9.2 Hz, 3JH-H ) 4.4 Hz
1H, CH2O), 4.24-4.32 (q, 2H, 3JH-H ) 9.2 Hz, -OCH2CH3).
MS(ES+) m/z: 317.2 (M + H)+, 339.4 (M + Na)+.

Ethyl (2E)-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}-
methyl)cyclopentylidene](fluoro)ethanoate (11.1/2).
Yield: 33%. 1H NMR CDCl3 (400 MHz): δ 0.03 (s, 6H,
Si(CH3)2), 0.88 (s, 9H, SiC(CH3)3), 1.33 (t, 3H, -OCH2CH3),
1.68-1.79 (m, 4H, CH2CH2CH), 2.49-2.58 (m, 2H, CH2CH2-
CH2), 3.08-3.18 (m, 1H, CH), 3.48 (t, 2JH-H ) 3JH-H ) 8.8 Hz,
1H, CH2O), 3.62-3.68 (dd, 2JH-H ) 9.0 Hz, 3JH-H ) 4.4 Hz
1H, CH2O), 4.28 (q, 2H, 3JH-H ) 9.2 Hz,-OCH2CH3). MS(ES+)
m/z: 317.2 (M + H)+, 339.4 (M + Na)+.

General Procedure for Alkaline Hydrolysis. r-Fluoro-
r,â-unsaturated Esters (9.3, 9.4, 11.2) and r,â-Unsatur-
ated Esters (10.3, 10.4). Ethyl ester (6 mmol) was mixed with
a 1 M solution of potassium hydroxide in 75% aqueous
methanol (7 mL, 7 mmol) at room temperature. After being
stirred for 8 h, the reaction mixture was diluted with water
(100 mL), acidified with a 2 M aqueous hydrogen chloride
solution (6 mL), and extracted twice with diethyl ether (60
mL). The combined ethereal fractions were dried over mag-
nesium sulfate and evaporated, yielding the pure free acids.

Cyclopentylidene(Fluoro)acetic Acid (9.3). Yield: 97%.
1H NMR CDCl3 (400 MHz): δ 1.43-1.68 (m, 4H, CH2CH2CH2

CH2), 2.12-2.29 (m, 2H, CH2CH2CH2CH2), 2.38-2.56 (m, 2H,
CH2CH2CH2CH2). MS(ES-) m/z: 143.3 (M - H)-.

Cyclohexylidene(fluoro)acetic Acid (9.4). Yield: 98%.
1H NMR CDCl3 (400 MHz): δ 1.41-1.54 (m, 6H, CH2CH2

CH2CH2CH2), 2.05-2.16 (m, 2H, CH2CH2CH2CH2CH2), 2.24-
2.37 (m, 2H, CH2CH2CH2CH2CH2). MS(ES-) m/z: 157.1 (M +
H)+.

Cyclopentylideneacetic Acid (10.3). Yield: 94%. 1H
NMR 400 MHz (CDCl3): δ 1.43-1.68 (m, 4H, CH2CH2CH2-
CH2), 2.24-2.32 (m, 2H, CH2CH2CH2CH2), 2.4-2.53 (m, 2H,
CH2CH2CH2CH2), 5.55 (s, 1H, dCH). MS(ES-) m/z: 125.1 (M
- H)-.

Cyclohexylideneacetic Acid (10.4). Yield: 95%. 1H NMR
400 MHz (CDCl3): δ 1.43-1.68 (m, 6H, CH2CH2 CH2CH2CH2),
2.12-2.29 (m, 2H, CH2CH2CH2CH2CH2), 2.38-2.57 (m, 2H,
CH2CH2CH2CH2CH2), 5.55 (s, 1H, dCH). MS(ES-) m/z: 139.1
(M - H)-.

(2Z)-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}methyl)-
cyclopentylidene](fluoro)ethanoic Acid (11.2/1). Yield:
97%. 1H NMR CDCl3 (400 MHz): δ 0.04 (s, 3H, Si(CH3)2), 0.05
(s, 3H, Si(CH3)2), 0.86 (s, 9H, SiC(CH3)3), 1.70-1.91 (m, 4H,
CH2CH2CH), 2.67-2.79 (m, 2H, CH2CH2CH2), 3.12-3.23 (m,
1H, CH), 3.57-3.68 (m, 1H, CH2O), 3.72-3.78 (dd, 2JH-H )
8.7 Hz, 3JH-H ) 4.0 Hz, 1H, CH2O). MS(ES+) m/z: 289.1 (M +
H)+, 312.5 (M + Na)+. MS (ES-) m/z: 287.5 (M - H)-. TLC
(30% EtOAc in hexanes): Rf ) 0.58.

(2E)-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}methyl)-
cyclopentylidene](fluoro)ethanoic Acid (11.2/2). Yield:
97%. 1H NMR CDCl3 (400 MHz): δ 0.08 (s, 3H, Si(CH3)2), 0.09
(s, 3H, Si(CH3)2), 0.89 (s, 9H, SiC(CH3)3), 1.68-1.79 (m, 4H,
CH2CH2CH), 2.54-2.62 (m, 2H, CH2CH2CH2), 3.36-3.45 (m,
1H, CH), 3.53-3.58 (m, 1H, CH2O), 3.60-3.68 (dd, 2JH-H )
9.0 Hz, 3JH-H ) 4.4 Hz, 1H, CH2O). MS(ES+) m/z: 289.1 (M +
H)+, 312.5 (M + Na)+. MS (ES-) m/z: 287.5 (M - H)-. TLC
(30% EtOAc in hexanes): Rf ) 0.62.

General Procedure for Preparation of r-Fluoro-r,â-
unsaturated Amides (9.5, 9.6, 11.3) and r,â-Unsaturated
Amides (10.5, 10.6). Acid (1 mmol) was dissolved in dichlo-
romethane (15 mL). Diisopropylethylamine (4 mmol) was
added, followed by TBTU (1.1 mmol). After the mixture was
stirred for 5 min, the appropriate amine (1.1 mmol), dissolved
in 2 mL of dichloromethane, was dropped into the solution and
stirring was continued for 3 h. The volatile components of the
mixture were then removed by evaporation after the addition
of silica (5 g) to the reaction mixture. The silica was brought
to a column and chromatographed (hexane/EtOAc in different
ratios), yielding amides as colorless oils that slowly crystallized
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upon standing. For the preparation of 9.6c (R ) phenyl), acid
9.4 was activated as the corresponding acid chloride. Acid 9.4
(1 mmol) was dissolved in dry dichloromethane (15 mL) under
nitrogen together with a catalytic amount of dimethylforma-
mide. Oxalyl chloride (0.14 g, 1.1 mmol), dissolved in 1 mL of
dry dichloromethane, was added dropwise via a syringe and
stirring was continued for 10 min. Aniline (0.1 g, 1.1 mmol),
dissolved in 1 mL of dry dichloromethane, was added to the
appropriate acid chloride and stirring was continued for 16 h
at room temperature. The target product was isolated after
flash chromatography (hexanes/EtOAc 9:1). Compounds 9.5,
9.6, 10.5, and 10.6 were only charaterized by mass spectrom-
etry.

(2Z)-2-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}methyl)-
cyclopentylidene]-2-fluoro-N-(2-phenylethyl)ethanam-
ide (11.3/1a) (R ) 2-Phenylethyl-). Yield: 84%. 1H NMR
CDCl3 (400 MHz): δ 0.03 (s, 6H, Si(CH3)2), 0.89 (s, 9H,
C(CH3)3), 1.67-1.96 (m, 4H, CH2CH2CH), 2.62-2.93 (m, 3H,
CH2CH2CH2CH + CH2Ar), 2.91-3.18 (m, 2H, CH2CH2CH2CH
+ CHCH2O), 3.47 (t, 3JH-H ) 2JH-H ) 8.4 Hz, 1H, CH2O), 3.52-
3.56 (m, 2H, ArCH2CH2N), 3.69-3.73 (dd, 3JH-H ) 8.6 Hz,
2JH-H ) 4.4 Hz 1H, CH2O), 6.18-6.41 (br s, 1H, NHC(O)),
7.12-7.28 (m, 3H, Ar), 7.24-7.38 (m, 2H, Ar). 13C NMR CDCl3

(400 MHz): δ -5.1 (s, Si(CH3)2), 14.07 (s, C(CH3)3), 18.05 (s,
CH2CH2CH), 26.11 (s, C(CH3)3), 27.54 (s, CH2CH2CH), 30.75
(s,CH2CH2CH2CH),36.26(s,ArCH2CH2N),40.37(s,ArCH2CH2N),
46.06 (s,CHCH2O), 65.14 (s, CH2O), 126.18 (s, Ar), 128.94 (s,
Ar), 136.77 (d, 2JC-F ) 12.4 Hz (CH2)2Cd), 138.95 (s, Ar), 144.4
(d, 1JC-F ) 249.4 Hz, CH2C(F)d), 161.28 (d, 2JC-F ) 30.9 Hz,
C(O)). MS (ES+) m/z: 392.2 (M + H)+, 314 (M + Na)+.

(2E)-2-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}-
methyl)cyclopentylidene]-2-fluoro-N-(2-phenylethyl)-
ethanamide (11.3/2a) (R ) 2-Phenylethyl-). Yield: 87%.
1H NMR CDCl3 (400 MHz): δ 0.03 (s, 6H, Si(CH3)2), 0.89 (s,
9H, C(CH3)3), 1.57-1.82 (m, 3H, CH2CH2CH2CH), 1.92-2.01
(m, 1H, CH2CH2CH2CH), 2.41-2.63 (m, 2H, CH2CH2CH2CH),
2.81-2.96 (m, 2H, CH2Ar), 3.41-3.48 (m, 1H, CH2O), 3.51-
3.68 (m, 3H, ArCH2CH2N+CHCH2O), 3.67-3.78 (dd, 2JH-H )
9.6 Hz, 3JH-H ) 4.8 Hz 1H, CH2O), 6.31-6.51 (br s, 1H, NHC-
(O)), 7.08-7.22 (m, 3H, Ar), 7.24-7.38 (m, 2H, Ar). 13C NMR
CDCl3 (400 MHz): δ -5.1 (s, Si(CH3)2), 14.03 (s, C(CH3)3),
18.19 (s, CH2CH2CH2CH), 26.06 (s, C(CH3)3), 29.37 (s, CH2-
CH2CH2CH), 29.98 (s, CH2CH2CH2CH), 35.96 (s, ArCH2CH2N),
40.65 (s, ArCH2CH2N), 44.04 (s,CHCH2O), 66.18 (s, CH2O),
126.8 (s, Ar) 128.91 (s, Ar), 137.18 (d, 2JC-F ) 13.8 Hz (CH2)2Cd
), 138.99 (s, Ar), 144.62 (d, 1JC-F ) 249.4 Hz, CH2C(F)d),
160.72 (d, 2JC-F ) 30.9 Hz, C(O)). MS(ES+) m/z: 392.2 (M +
H)+, 314 (M + Na)+.

(2Z)-N-(1-Adamantyl)-2-[(2R,S)-2-({[tert-butyl(dimethyl)-
silyl]oxy}methyl)cyclopentylidene]-2-fluoroethanam-
ide (11.3/1b) (R ) 1-Adamantyl-). Yield: 91%. 1H NMR
(CDCl3): δ 0.03 (s, 6H, SiCH3), 0.88 (s, 9H, CH3), 1.62-1.89
(m, 10H, CH2CH2CH, adamantyl-), 2.02-2.05 (s, 6H, adaman-
tyl-), 2.07-2.11 (s, 3H, adamantyl-), 2.72-2.49 (m, 2H, CH2-
CH2CH2CH), 3.01-3.13 (m, 1H, CH2CH2CH), 3.37-3.43 (m,
1H, CH2O), 3.63-3.77(m, 1H, CH2O), 5.83 (s, 1H, NH). 13C
NMR CDCl3 (400 MHz): δ -5.02 (s, SiCH3), 14.09 (s, C(CH3)3),
18.33 (s, CH2CH2CH), 24.71 (s, CH2CH2CH), 25.97 (s, CH3),
28.42 (s, CH2CH2CH2CH), 29.44 (s, adamantyl-), 36.34 (s,
adamantyl-), 41.60 (s, adamantyl-), 45.94 (s,CH), 51.83 (s,
adamantyl-), 63.11 (s, CH2O), 135.44 (d, 2JC-F ) 12.9 Hz,
(CH2)2Cd), 144.47 (d, 1JC-F ) 253.3 Hz, CH2C(F)d), 160.18
(d, 2JC-F ) 28.5 Hz, C(O)). MS(ES+) m/z: 422.7 (M + H)+.

(2E)-N-(1-Adamantyl)-2-[(2R,S)-2-({[tert-butyl(dimethyl)-
silyl]oxy}methyl)cyclopentylidene]-2-fluoroethanam-
ide (11.3/2b) (R ) 1-Adamantyl-). Yield: 85%. 1H NMR
CDCl3 (400 MHz): δ 0.02 (s, 6H, SiCH3), 0.86 (s, 9H, CH3),
1.58-1.87 (m, 9H, CH2CH2CH, adamantyl-), 1.91-2.14 (m,
10H, CH2CH2CH, adamantyl-), 2.42-2.49 (m, 2H, CH2CH2-
CH2CH), 3.42-3.53 (m, 1H, CH2CH2CH), 3.67 (d, 3JH-H ) 5.6
Hz, 2H, CH2O), 5.97 (s, 1H, NH). 13C NMR CDCl3 (400 MHz):
δ -5.44 (s, SiCH3), 14.09 (s, C(CH3)3), 18.28 (s, CH2CH2CH),
23.11 (s, CH2CH2CH), 25.91 (s, CH3), 29.39 (s, adamantyl-),
30.19 (s, CH2CH2CH2CH), 36.29 (s, adamantyl-), 41.52 (s,

adamantyl-), 43.63 (s, CH), 51.76 (s, adamantyl-), 64.65 (s,
CH2O), 136.48 (d, 2JC-F ) 14.1 Hz (CH2)2Cd), 144.41 (d, 1JC-F

) 252.3 Hz, CH2C(F)d), 159.55 (d, 2JC-F ) 28.8 Hz, C(O)). MS
(ES+) m/z: 422.7 (M + H)+, 444.5(M + Na)+.

(2Z)-2-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}methyl)-
cyclopentylidene]-2-fluoro-N-(4-fluorobenzyl)ethanam-
ide (11.3/1c) (R ) 4-Fluorobenzyl-). Yield: 88%. 1H NMR
CDCl3 (400 MHz): δ 0.07 (s, 6H, Si(CH3)2), 0.85 (s, 9H,
C(CH3)3), 1.62-1.87 (m, 4H, CH2CH2CH), 2.68-2.92 (m, 2H,
CH2CH2CH2CH), 3.02-3.12 (m, 1H, CHCH2O), 3.46-3.52 (t,
2JH-H ) 3JH-H )9.6 Hz 1H, CHCH2O), 3.66-3.72 (dd, 2JH-H )
9.4 Hz, 3JH-H ) 4.8 Hz 1H, CHCH2O), 4.48-4.52 (m, 2H,
ArCH2), 6.38-6.54 (br s, 1H, NHC(O)), 6.98-7.08 (m, 2H, Ar),
7.22-7.36 (m, 2H, Ar). 13C NMR CDCl3 (400 MHz): δ -5.18
(s, Si(CH3)2), 14.30 (s, C(CH3)3), 18.5 (s, CH2CH2CH), 24.97
(s, CH2CH2CH), 26.1 (s, C(CH3)3), 30.81 (s, CH2CH2CH2CH),
42.43 (s, CHCH2O), 46.13 (s,CHCH2O), 63.44 (s, ArCH2),
115.72 (d,2JC-F ) 21.4 Hz, Ar), 129.7 (d,3JC-F ) 8 Hz, Ar),
134.04 (d,4JC-F ) 3.2 Hz, Ar), 137.04 (d, 2JC-F ) 12.2 Hz
(CH2)2Cd), 144.26 (d, 1JC-F ) 250.1 Hz, CH2C(F)d), 161.17
(d,2JC-F ) 31.1 Hz, C(O)), 162.46 (d, 2JC-F ) 244.3 Hz, Ar).
MS(ES+) m/z: 396.4 (M + H)+, 419.7 (M + Na)+.

(2E)-2-[(2R,S)-2-({[tert-Butyl(dimethyl)silyl]oxy}meth-
yl)cyclopentylidene]-2-fluoro-N-(4-fluorobenzyl)ethan-
amide (11.3/2c) (R ) 4-Fluorobenzyl-). Yield: 89%. 1H NMR
CDCl3 (400 MHz): δ 0.09 (s, 6H, Si(CH3)2), 0.87 (s, 9H,
C(CH3)3), 1.62-1.82 (m, 3H, CH2CH2CH), 1.96-2.02 (m, 1H,
CH2CH2CH), 2.43-2.64 (m, 2H, CH2CH2CH2CH), 3.52-3.58
(m, 1H, CHCH2O), 3.61-3.68 (t, 2JH-H )3JH-H ) 9.2 Hz 1H,
CHCH2O), 3.71-3.77 (dd, 2JH-H ) 9.4 Hz, 3JH-H ) 4.8 Hz, 1H,
CHCH2O), 4.42-4.58 (m, 2H, ArCH2), 6.62-6.78 (br s, 1H,
NHC(O)), 6.98-7.08 (m, 2H, Ar), 7.22-7.36 (m, 2H, Ar). 13C
NMR CDCl3 (400 MHz): δ -5.2 (s, Si(CH3)2), 14.30 (s,
C(CH3)3), 18.5 (s, CH2CH2CH), 23.05 (s, CH2CH2CH), 26.15
(s, C(CH3)3), 30.12 (s, CH2CH2CH2CH), 42.45 (s, CHCH2O),
44.68 (s,CHCH2O), 64.68 (s, ArCH2), 115.7 (d,2JC-F ) 21.4 Hz,
Ar), 129.7 (d,3JC-F ) 8.1 Hz, Ar)), 134.14 (d,4JC-F ) 3.3 Hz,
Ar), 137.94 (d, 2JC-F ) 13.6 Hz (CH2)2Cd), 144.46 (d, 1JC-F )
249.4 Hz, CH2C(F)d), 160.68 (d,2JC-F ) 34.5 Hz, C(O)), 162.45
(d, 2JC-F ) 244.3 Hz, Ar). MS(ES+) m/z: 396.4 (M + H)+.

General Procedure for Reduction of r-Fluoro-r,â-
unsaturated Amides (9.7, 9.8, 11.4) and r,â-Unsaturated
Amides (10.7, 10.8). To an intensely stirred solution of POCl3

(5.2 mmol, 0.79 g) in dry dichloromethane (10 mL), cooled to
0 °C under nitrogen, was dropped a solution of the amide (1.28
mmol) in dry dichloromethane (2 mL). After addition, the ice
bath was removed and stirring was continued for 1 h, followed
by the thorough evaporation of the solvent and excess POCl3.
The crude chloroimidate was dispersed in freshly dried diethyl
ether (10 mL), cooled under nitrogen to 0 °C, followed by the
addition of LiAlH4 (2.56 mmol, 94 mg) in one portion. Stirring
was continued for 10 min, and after removal of the ice bath
stirring was continued for another 3 h. Excess LiAlH4 was then
quenched with water (0.6 mL), and stirring was continued for
5 min to allow free water to be adsorbed onto the insoluble
salts. The suspension was filtered, and the filter cake was
washed with diethyl ether (3 × 15 mL). The combined ether
layers were then evaporated, yielding crude amine. For
compounds 11.4, the crude amine was used without further
purification in the next step (Boc protection). For compounds
9.7, 9.8, 10.7, 10.8 the crude amine was precipitated with a 1
M solution of hydrogen chloride in diethyl ether, the ether was
carefully decanted, and the final product was washed twice
with small portions of dry diethyl ether and then dried under
reduced pressure.

N-(2-Cyclopentylidene-2-fluoroethyl)cyclohexan-
amine (9.7a). Yield: 92%. 1Η ΝΜR D2O (400 MHz): δ 0.88-
1.22 (m, 6H, CH2CH2CH2), 1.41-1.52 (m, 4H, CH2CH2), 1.58-
1.69 (m, 2H, CH2), 1.82-1.97 (m, 2H, CH2), 2.04-2.14 (m, 2H,
CH2), 2.16-2.25 (m, 2H, CH2), 2.81-3.03 (m, 1H, CH), 3.67
(d, 3JH-F ) 21.2 Hz, 2H, CH2N). ES+-MS m/z: 212.2 (M + H)+.

N-Benzyl-2-cyclopentylidene-2-fluoroethanamine (9.7b).
Yield: 86%. 1Η ΝΜR D2O (400 MHz) δ 1.53-1.60 (m, 4H, CH2-
CH2), 2.02-2.18 (m, 2H, CH2), 2.24-2.38 (m, 2H, CH2), 3.88
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(d, 3JH-F ) 20 Hz, CH2N), 4.18-4.25 (s, 2H, CH2Ar), 7.42-
7.53 (m, 5H, Ar). ES+-MS m/z: 220.2 (M + H)+.

N-(2-Cyclopentylidene-2-fluoroethyl)-N-(4-methoxy-
benzyl)amine 9.7c). Yield: 93%. 1Η ΝΜR D2O (400 MHz) δ
1.51-1.62 (m, 4H, CH2CH2), 2.05-2.18 (m, 2H, CH2), 2.26-
2.39 (m, 2H, CH2), 3.83 (s, 3H, OCH3), 3.91 (d, 3JH-F ) 21.2
Hz, CH2N), 4.18 (s, 2H, CH2Ar), 7.04 (d, 2JH-H ) 8.7 Hz, 2H,
Ar), 7.39 (d, 2JH-H ) 8.7 Hz, 2H, Ar). ES+-MS m/z: 249.9 (M
+ H)+.

N-(2-Cyclopentylidene-2-fluoroethyl)-N-(4-fluoroben-
zyl)amine (9.7d). Yield: 96%. 1Η ΝΜR D2O (400 MHz) δ
1.52-1.61 (m, 4H, CH2CH2), 2.11-2.23 (m, 2H, CH2), 2.34-
2.43 (m, 2H, CH2), 3.88 (d, 3JH-F ) 20 Hz, CH2N), 4.24 (s, 2H,
CH2Ar), 7.19-7.23 (m, 2H, Ar), 7.46-7.5 (m, 2H, Ar). ES+-
MS m/z: 238.1 (M + H)+, 260.2 (M + Na)+.

N-(2-Cyclopentylidene-2-fluoroethyl)-N-(2-pyridinyl-
ethyl)amine (9.7e). Yield: 91%. 1Η ΝΜR D2O (400 MHz) δ
1.49-1.60 (m, 4H, CH2CH2), 2.08-2.21 (m, 2H, CH2), 2.34-
2.43 (m, 2H, CH2), 2.86-3.01 (m, 2H, ArCH2CH2), 3.17-3.3
(m, 2H, ArCH2), 3.90 (d, 3JH-F ) 20 Hz, CH2N), 7.19-7.44 (m,
2H, Ar), 7.63-7.7 (m, 1H, Ar), 8.58-8.73 (m, 1H, Ar). ES+-
MS m/z: 235.1 (M + H)+.

N-(2-Cyclopentylidene-2-fluoroethyl)-N-(2-phenylethyl)-
amine (9.7f). Yield: 98%. 1Η ΝΜR D2O (400 MHz) δ 1.53-
1.76 (m, 4H, CH2CH2), 2.21-2.42 (m, 2H, CH2), 2.48-2.51 (m,
2H, CH2), 2.94-2.51 (m, 2H, CH2CH2N), 3.22-3.39 (m, 2H,
ArCH2), 3.86 (d, 3JH-F ) 20.4 Hz, CH2N), 7.22-7.43 (m, 5H,
Ar). ES+-MS m/z: 234.1 (M + H)+, 256.3 (M + Na)+. LC-MS:
tR ) 12.4 min, 95%. HPLC (214 nm): tR ) 20.75 min, 92%.

1-Benzyl-N-(2-cyclopentylidene-2-fluoroethyl)-4-piper-
idinamine (9. g). Yield: 95%. 1Η ΝΜR D2O (400 MHz) δ
1.49-1.68 (m, 4H, CH2CH2), 1.8-2.02 (m, 2H, CHCH2), 2.07-
2.18 (m, 2H, CH2), 2.26-2.33 (m, 2H, CH2), 2.34-2.46 (m, 2H,
CHCH2), 3.02-3.21 (m, 2H, NCH2CH2), 3.36-3.72 (m, 3H,
CH2CHN + NCH2CH2), 3.91 (d, 3JH-F ) 21.2 Hz, 2H, CH2N),
4.3 (s, 2H, CH2Ar), 7.42-7.57 (m, 5H, Ar). ES+-MS m/z: 303.1
(M + H)+.

N1-(2-Cyclopentylidene-2-fluoroethyl)-N3,N3-dimethyl-
1,3-propanediamine (9.7h). Yield: 95%. 1Η ΝΜR D2O (400
MHz) δ 0.80-0.91 (m, 6H, CH3), 1.47-1.64 (m, 6H, CH2CH2,
CH2), 2.06-2.21 (m, 2H, CH2), 2.25-2.36 (m, 4H, CH2, CH2),
2.47-2.56 (m, 2H, CH2), 3.12-3.21 (m, 2H, NCH2CH2), 3.9 (d,
3JH-F ) 21.2 Hz, 2H, CH2N). ES+-MS m/z: 215.1 (M + H)+.

N-(2-Cyclohexylidene-2-fluoroethyl)cyclohexan-
amine (9.8a). Yield: 91%. 1Η ΝΜR D2O (400 MHz) δ 1.11-
1.42 (m, 6H, CH2CH2CH2), 1.49-1.61 (m, 6H, CH2CH2CH2),
1.79-1.88 (m, 2H, CH2), 1.98-2.11 (m, 2H, CH2), 2.12-2.18
(m, 2H, CH2), 2.22-2.39 (m, 2H, CH2), 3.08-3.18 (m, 1H, CH),
3.94 (d, 3JH-F ) 21.2 Hz, 2H, CH2N). ES+-MS m/z: 226.0 (M
+ H)+.

N-(2-Cyclohexylidene-2-fluoroethyl)-1-adamantan-
amine (9.8b). Yield: 94%. 1Η ΝΜR D2O (400 MHz) δ 1.43-
1.59 (m, 6H, CH2CH2CH2), 1.58-1.81 (m, 6H, ad), 1.83-2.01
(m, 5H, CH2, ad), 2.09-2.33 (m, 6H, CH2, ad), 3.86 (d, 3JH-F )
21.6 Hz, 2H, CH2N). ES+-MS m/z: 278.2 (M + H)+, 300.1 (M
+ Na)+.

N-(2-Cyclohexylidene-2-fluoroethyl)aniline (9.8c). Yield:
93%. 1Η ΝΜR D2O (400 MHz) δ 1.32-1.49 (m, 6H, CH2CH2-
CH2), 2.03-2.14 (m, 4H, CH2 + CH2), 3.92 (d, 3JH-F ) 21.6
Hz, 2H, CH2N), 6.67-6.81 (m, 3H, Ar), 7.09-7.21 (m, 2H, Ar).
ES+-MS m/z: 220.1 (M + H)+.

N-Benzyl-2-cyclohexylidene-2-fluoroethanamine (9.8d).
Yield: 81%. 1Η ΝΜR D2O (400 MHz) δ 1.41-1.52 (m, 6H, CH2-
CH2CH2), 2.02-2.12 (m, 2H, CH2), 2.2-2.31 (m, 2H, CH2), 3.92
(d, 3JH-F ) 21.2 Hz, CH2N), 4.22 (s, 2H, CH2Ar), 7.16-7.22
(m, 2H, Ar), 7.42-7.47 (m, 2H, Ar). ES+-MS m/z: 234.2 (M +
H)+, 256.1 (M + Na)+.

N-(2-Cyclohexylidene-2-fluoroethyl)-N-(4-methoxyben-
zyl)amine (9.8e). Yield: 83%. 1Η ΝΜR D2O (400 MHz) δ
1.48-1.56 (m, 6H, CH2CH2CH2), 1.98-2.08 (m, 2H, CH2),
2.21-2.31 (m, 2H, CH2), 3.83 (s, 3H, OCH3), 3.91 (d, 3JH-F )
21.2 Hz, CH2N), 4.18 (s, 2H, CH2Ar), 7.04 (d, 2JH-H ) 8.7 Hz,
2H, Ar), 7.39 (d, 2JH-H ) 8.7 Hz, 2H, Ar). ES+-MS m/z: 264.2
(M + H)+, 286.1 (M + Na)+.

N-(1,3-Benzodioxol-5-ylmethyl)-2-cyclohexylidene-2-
fluoroethanamine (9.8f). Yield: 79%. 1Η ΝΜR D2O (400
MHz) δ 1.48-1.54 (m, 6H, CH2CH2CH2), 1.98-2.07 (m, 2H,
CH2), 2.22-2.38 (m, 2H, CH2), 3.92 (d, 3JH-F ) 21.2 Hz, 2H,
CH2N), 4.02-4.15 (m, 2H, CH2Ar), 6.01 (s, 2H, OCH2O), 6.94-
6.99 (m, 3H, Ar). ES+-MS m/z: 278.3 (M + H)+. LC-MS: tR )
12.6 min, 99%. HPLC (214 nm): tR ) 21.48 min, 100%.

N-(2-Cyclohexylidene-2-fluoroethyl)-N-(4-fluorobenzyl)-
amine (9.8g). Yield: 94%. 1Η ΝΜR D2O (400 MHz) δ 1.46-
1.68 (m, 6H, CH2CH2CH2), 1.98-2.12 (m, 2H, CH2), 2.21-2.33
(m, 2H, CH2), 4.02 (d, 3JH-F ) 21.2 Hz, 2H, CH2N), 4.22 (s,
2H, ArCH2), 7.12-7.29 (m, 2H, Ar), 7.41-7.54 (m, 2H, Ar).
ES+-MS m/z: 252.1 (M + H)+. LC-MS: tR ) 12.1 min, 95%.
HPLC (214 nm): tR ) 21.65 min, 95%.

N-(2-Cyclohexylidene-2-fluoroethyl)-N-[3-(trifluoro-
methyl)benzyl]amine (9.8h). Yield: 95%. 1Η ΝΜR D2O (400
MHz): δ 1.42-1.59 (m, 6H, CH2CH2CH2), 1.98-2.07 (m, 2H,
CH2), 2.21-2.31 (m, 2H, CH2), 3.96 (d, 3JH-F ) 20.8 Hz, 2H,
CH2N), 4.32 (s, 2H, ArCH2), 7.49-7.71 (m, 2H, Ar), 7.23-7.31
(m, 2H, Ar). ES+-MS m/z: 302.3 (M + H)+, 324.2 (M + Na)+.

N-(2-Cyclohexylidene-2-fluoroethyl)-N-(2-phenylethyl)-
amine (9.8i). Yield: 93%. 1Η ΝΜR D2O (400 MHz) δ 1.32-
1.56 (m, 6H, CH2CH2CH2), 1.98-2.12 (m, 2H, CH2), 2.2-2.32
(m, 2H, CH2), 2.93-3.04 (m, 2H, ArCH2CH2N), 3.28-3.39 (m,
2H, ArCH2), 3.94 (d, 3JH-F ) 21.6 Hz, CH2N), 7.11-7.46 (m,
5H, Ar). ES+-MS m/z: 248.2 (M + H)+. LC-MS: tR ) 17.3
min, 98%. HPLC (214 nm): tR ) 23.91 min, 100%.

N-(2-Cyclohexylidene-2-fluoroethyl)- 4-piperidinamine
(9.8j). This compound was prepared from 9.8l by stirring the
latter (0.5 mmol, 0.18 g) for 2 h at room temperature with a
30% solution of HBr in acetic acid (5 mL). Volatile components
were removed under reduced pressure, and the oily residue
was added dropwise to 10 mL of dry diethyl ether. The
precipitated product, an off-white amorphous solid, was col-
lected after suction filtration and washing the filter cake with
small portions of dry diethyl ether. Yield: 63%. 1Η ΝΜR D2O
(400 MHz) δ 1.4-1.63 (m, 6H, CH2CH2CH2), 2.04-2.12 (m,
3H, CH2 + CHCH2), 2.18-2.28 (m, 3H, CH2 + CHCH2), 2.81-
3.01 (m, 2H, CHCH2), 3.33-3.49 (m, 1H, CHCH2), 3.61-3.74
(m, 4H, CH2CH2), 3.92 (d, 3JH-F ) 20.9 Hz, 2H, CH2N). ES+-
MS m/z: 227.1 (M + H)+, 309 (M + Na)+.

1-Benzyl-N-(2-cyclohexylidene-2-fluoroethyl)-4-piper-
idinamine (9.8k). Yield: 88%. 1Η ΝΜR D2O (400 MHz) δ
1.49-1.63 (m, 6H, CH2CH2CH2), 1.41-2.02 (m, 2H, CHCH2),
2.08-2.17 (m, 2H, CH2), 2.22-2.31 (m, 2H, CH2), 2.34-2.46
(m, 2H, CHCH2), 3.03-3.21 (m, 2H, NCH2CH2), 3.38-3.72 (m,
3H, CH2CHN + NCH2CH2), 3.94 (d, 3JH-F ) 21.2 Hz, 2H,
CH2N), 4.31 (s, 2H, CH2Ar), 7.43-7.54 (m, 5H, Ar). ES+-MS
m/z: 317.3 (M + H)+, 340.2 (M + Na)+.

Benzyl 4-[(2-cyclohexylidene-2-fluoroethyl)amino]-1-
piperidinecarboxylate (9.8l). Yield: 67%. 1Η ΝΜR D2O (400
MHz) δ 1.42-1.61 (m, 6H, CH2CH2CH2), 2.04-2.12 (m, 3H,
CH2 + CHCH2), 2.18-2.28 (m, 3H, CH2 + CHCH2), 2.81-3.01
(m, 2H, CHCH2), 3.33-3.49 (m, 1H, CHCH2), 3.94 (d, 3JH-F )
20.8 Hz, 2H, CH2N), 4.09-4.32 (m, 4H, CH2CH2), 4.32 (s, 2H,
ArCH2), 7.31-7.49 (m, 5H, Ar). ES+-MS m/z: 361.3 (M + H)+.
LC-MS: tR ) 14.1 min, 99%. HPLC (214 nm): tR ) 24.60 min,
98%.

N1-(2-Cyclohexylidene-2-fluoroethyl)-N3,N3-dimethyl-
1,3-propanediamine (9.8m). Yield: 88%. 1Η ΝΜR D2O (400
MHz): δ 0.82-0.91 (m, 6H, CH3), 1.43-1.66 (m, 6H, CH2CH2,
CH2), 2.07-2.23 (m, 2H, CH2), 2.25-2.36 (m, 4H, CH2, CH2),
2.47-2.56 (m, 2H, CH2), 3.12-3.21 (m, 2H, NCH2CH2), 3.9 (d,
3JH-F ) 21.0 Hz, 2H, CH2N). ES+-MS m/z: 229.3 (M + H)+.

General Procedure for Boc Protection of the Amines
11.4. The crude amines 11.4a (R ) 2-phenylethyl) or 11.4c (R
) 4-fluorobenzyl) were redissolved in CH2Cl2 (5 mL). DIPEA
(166 mg, 1.28 mmol) and (Boc)2O (837 mg, 3.84 mmol) were
added, and the solution was stirred for 4 h. Excess (Boc)2O
was then quenched with imidazole (272 mg, 4 mmol). Ethyl
acetate (100 mL) was added, and the organic layer was washed
with a 1 M aqueous solution of hydrogen chloride (30 mL),
water (30 mL), a saturated aqueous solution of sodium
bicarbonate (30 mL), and water (30 mL) again. The organic
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layer was dried over magnesium sulfate and evaporated. The
crude double-protected product obtained in this manner is
sufficiently pure for use in the next step without further
purification. Since compounds 11.4b (R ) adamantyl) were
not reactive toward (Boc)2O under these conditions, probably
for steric reasons, a different procedure was followed: the
crude amine 11.4b (R ) 1-adamantyl) was redissolved in
dioxane (5 mL). Diisopropylethylamine (166 mg, 1.28 mmol),
4-(dimethylamino)pyridine, and (Boc)2O (837 mg, 3.84 mmol)
were added, and the solution was stirred for 24 h at 80 °C.
Excess (Boc)2O was then quenched with imidazole (272 mg, 4
mmol), and dioxane was evaporated under reduced pressure.
To the residue, ethyl acetate (100 mL) was added. The organic
layer was washed with a 1 M aqueous solution of hydrogen
chloride (30 mL), water (30 mL), a saturated aqueous solution
of sodium bicarbonate (30 mL), and water (30 mL) again. The
organic layer was dried over magnesium sulfate and evapo-
rated. The crude double-protected product obtained in this
manner was considered pure enough for use in the next step
without further purification.

General Procedure for Removal of the TBDMS Pro-
tecting Group. The crude product from the previous step was
dissolved in a 3:1:1 mixture of glacial acetic acid, tetrahydro-
furane, and water (10 mL). The solution was stirred for 8 h at
room temperature. The deprotection mix was then evaporated
under reduced pressure, and the crude alcohol was adsorbed
onto silica, after which it was purified by column chromatog-
raphy (hexane/EtOAc 50:50).

General Procedure for Jones Oxidation (11.5). The
alcohol obtained in the previous step (0.55 mmol) was dissolved
in acetone (7 mL), to which the Jones’ reagent (2 mL, 2.6 mmol)
was added in one portion. After being stirred for 90 min, the
reaction mixture was diluted with EtOAc (70 mL) and washed
with H2O (2 × 50 mL). The organic layer was dried over MgSO4

and evaporated, yielding the crude acid as a slightly green oil
that solidified on standing. Purification by column chroma-
tography is possible, but the compounds obtained in this way
are sufficiently pure (apart from traces of Cr salts that account
for the greenish color of the product) for use in the next step.

(1R,S)-(2Z)-2-{2-[(tert-Butoxycarbonyl)(2-phenylethyl)-
amino]-1-fluoroethylidene}cyclopentanecarboxylic Acid
(11.5/1a). Yield: 84%. 1H NMR CDCl3 (400 MHz): δ 1.45 (s,
9H, C(CH3)3), 1.64-1.79 (m, 1H, CH2CH2CH), 1.81-2.01 (m,
2H, CH2CH2CH), 2.11-2.21 (m, 1H, CH2CH2CH2CH), 2.39-
2.52 (m, 2H, CH2CH2CH2CH), 2.72-2.99 (m, 2H, CH2Ar),
3.33-3.52 (m, 2H, ArCH2CH2N), 3.54-3.68 (m, 1H, CHC(O)-
OH), 3.78-4.28 (br m, 1H, CH2N), 7.09-7.48 (m, 5H, Ar). MS
(ES+) m/z: 378.2 (M + H)+, 400.3 (M + Na)+. MS (ES-) m/z:
376.3 (M - H)-.

(1R,S)-(2E)-2-{2-[(tert-Butoxycarbonyl)(2-phenylethyl)-
amino]-1-fluoroethylidene}cyclopentanecarboxylic Acid
(11.5/2a). Yield: 78%. 1H NMR CDCl3 (400 MHz): δ 1.46 (s,
9H, C(CH3)3), 1.64-1.78 (m, 1H, CH2CH2CH), 1.83-2.12 (m,
3H, CH2CH2CH), 2.24-2.52 (m, 2H, CH2CH2CH2CH), 2.77-
2.94 (m, 2H, CH2Ar), 3.34-3.51 (m, 2H, ArCH2CH2N), 3.54-
3.67 (m, 1H, CHC(O)OH), 3.82-4.21 (br m, 1H, CH2N), 7.12-
7.33 (m, 5H, Ar). 13C NMR CDCl3 (400 MHz): δ 14.07 (s,
C(CH3)3), 25.82 (s, CH2CH2CH), 28.37 (s, C(CH3)3), 29.68 (s,
CH2CH2CH), 31.61 (s, CH2CH2CH2CH), 40.04 (s,CHCH(O)-
OH), 45.23 (s, ArCH2CH2N), 45.44 (d, 2JC-F ) 27.4 Hz), 48.96
(s, ArCH2CH2N), 117.12 (d, 2JC-F ) 13.8 Hz (CH2)2Cd), 126.25
(s, Ar), 128.49 (s, Ar), 128.83 (s, Ar), 139.3 (s, Ar), 153.12 (d,
1JC-F ) 246.4 Hz, CH2C(F)d), 178.69 (s, C(O)OH). MS(ES+)
m/z: 378.2 (M + H)+, 400.3 (M + Na)+. MS(ES-) m/z: 376.3
(M - H)-.

(1R,S)-(2Z)-2-{2-[1-Adamantyl(tert-butoxycarbonyl)-
amino]-1-fluoroethylidene}cyclopentanecarboxylic Acid
(11.5/1b). Yield: 90%. 1H NMR CDCl3 (400 MHz): δ 1.45 (s,
9H, C(CH3)3), 1.57-1.91 (m, 10H, CH2CH2CH, adamantyl-),
1.99-2.05 (s, 6H, adamantyl-), 2.06-2.12 (s, 3H, adamantyl-
), 2.17-2.31 (m, 2H, CH2CH2CH2CH), 2.99-3.38 (br m, 1H,
CH2CH2CHC(O)OH), 3.8-4.18 (m, 2H, CH2N). MS (ES+) m/z:
408.1 (M + H)+, 430.5 (M + Na)+. MS(ES-) m/z: 406.3 (M -
H)-.

(1R,S)-(2E)-2-{2-[1-Adamantyl(tert-butoxycarbonyl)-
amino]-1-fluoroethylidene}cyclopentanecarboxylic Acid
(11.5/2b). Yield: 88%. 1H NMR CDCl3 (400 MHz): δ 1.46 (s,
9H, C(CH3), 1.58-1.89 (m, 9H, CH2CH2CH, adamantyl-),
1.93-2.17 (m, 10H, CH2CH2CH, adamantyl-), 2.20-2.42 (m,
2H, CH2CH2CH2CH), 3.32-3.60 (m, 1H, CH2CH2CHC(O)OH),
3.78-4.2 (br m, 2H, CH2N). MS(ES+) m/z: 408.1 (M + H)+,
430.4 (M + Na)+. MS(ES-) m/z: 406.2 (M - H)-.

(1R,S)-(2Z)-2-{2-[(tert-Butoxycarbonyl)(4-fluorobenzyl)-
amino]-1-fluoroethylidene}cyclopentanecarboxylic Acid
(11.5/1c). Yield: 93%. 1H NMR CDCl3 (400 MHz): δ 1.47 (s,
9H, C(CH3)3), 1.59-1.79 (m, 1H, CH2CH2CH), 1.81-2.09 (m,
3H, CH2CH2CH), 2.11-2.33 (m, 2H, CH2CH2CH2CH), 3.49-
3.61 (br m, 1H, CHC(O)OH), 3.79-4.21 (br m, 2H, CH2N),
4.28-4.43 (m, 2H, CH2Ar), 6.93-7.09 (m, 2H, Ar), 7.12-7.31
(m, 2H, Ar). MS(ES+) m/z: 382.2 (M + H)+, 404.3 (M + Na)+.
MS(ES-) m/z: 380.2 (M - H)-.

(1R,S)-(2E)-2-{2-[(tert-Butoxycarbonyl)(4-fluorobenzyl)-
amino]-1-fluoroethylidene}cyclopentanecarboxylic Acid
(11.5/2c). Yield: 94%. 1H NMR CDCl3 (400 MHz): δ 1.45 (s,
9H, C(CH3)3), 1.58-1.73 (m, 1H, CH2CH2CH), 1.77-1.91 (m,
2H, CH2CH2CH), 2.02-2.15 (m, 1H, CH2CH2CH), 2.33-2.49
(m, 2H, CH2CH2CH2CH), 3.19-3.53 (br m, 1H, CHC(O)OH),
δ3.91-4.14 (br m, 2H, CH2N), 4.39-4.69 (br m, 2H, CH2Ar),
6.93-7.08 (m, 2H, Ar), 7.12-7.31 (m, 2H, Ar). MS (ES+) m/z:
382.2 (M + H)+, 404.3 (M + Na)+. MS (ES-) m/z: 380.2 (M -
H)-.

General Procedure for Amide Formation (11.6). Acid
11.5 (0.4 mmol) dissolved in dichloromethane (4 mL) together
with diisopropylamine (1.61 mmol) was cooled to 0 °C. Isobutyl
chloroformate (60 mg, 0.44 mmol), dissolved in dichlo-
romethane (1 mL), was added dropwise, and the mixture was
stirred for 10 min. Then ammonia (NH4OH, 30% aqueous
solution) (1 mL) was added to the reaction micture. After being
stirred for an additional 15 min, the reaction mixture was
diluted with ethyl acetate (70 mL) and washed with a 1 M
aqueous solution of hydrogen chloride (30 mL), water (30 mL),
and saturated aqueous sodium bicarbonate (30 mL). The
organic layer was dried over magnesium sulfate and evapo-
rated under reduced pressure, yielding the crude amide, which
was purified by column chromatography (hexane/EtOAc 1:4).
The products were isolated as a colorless oil.

tert-Butyl (2Z)-2-[(2R,S)-2-(Aminocarbonyl)cyclopen-
tylidene]-2-fluoroethyl(2-phenylethyl)carbamate (11.6/
1a). Yield: 87%. 1H NMR CDCl3 (400 MHz) δ 1.45 (s, 9H,
C(CH3)3), 1.67-2.04 (m, 4H, CH2CH2CH), 2.39-2.52 (m, 2H,
CH2CH2CH2CH), 2.70-2.99 (m, 2H, CH2Ar), 3.34-3.67 (m, 3H,
ArCH2CH2N + CHC(O)OH), 3.78-4.21 (br m, 1H, CH2N),
7.12-7.44 (m, 5H, Ar). MS (ES+) m/z: 377.2 (M + H)+, 399.3
(M + Na)+.

tert-Butyl (2E)-2-[(2R,S)-2-(Aminocarbonyl)cyclopen-
tylidene]-2-fluoroethyl(2-phenylethyl)carbamate (11.6/
2a). Yield: 89%. 1H NMR CDCl3 (400 MHz): δ 1.46 (s, 9H,
C(CH3)3), 1.75-1.96 (m, 4H, CH2CH2CH), 2.38-2.54 (m, 2H,
CH2CH2CH2CH), 2.79-2.89 (m, 2H, ArCH2), 3.42-3.61 (m, 3H,
ArCH2CH2N + CHC(O)NH2), 3.81-3.99 (m, 1H, NCH2C(F)),
4.01-4.19 (m, 1H, NCH2C(F)), 5.61 (br s, 2H, NH2), 7.08-7.36
(m, 3H, Ar), 7.4-7.61 (m, 2H, Ar). MS(ES+) m/z: 377.2 (M +
H)+, 399.3 (M + Na)+.

tert-Butyl 1-Adamantyl{(2Z)-2-[(2R,S)-2-(aminocarbo-
nyl)cyclopentylidene]-2-fluoroethyl}carbamate (11.6/
1b). Yield: 91%. 1H NMR CDCl3 (400 MHz): δ 1.47 (s, 9H,
C(CH3)3, 1.62-1.92 (m, 10H, CH2CH2CH, adamantyl-), 2.04-
2.18 (br s, 9H, adamantyl-), 2.21-2.38 (m, 1H, CH2CH2CH2-
CH), 2.41-2.52 (m, 1H, CH2CH2CH2CH), 3.38-3.57 (br m, 1H,
CHC(O)NH2), 3.92-4.23 (m, 2H, NCH2C(F)d), 5.28-5.41 (br
s, 1H, NH2), 6.04-6.32 (br s, 1H, NH2). MS (ES+) m/z: 407.2
(M + H)+, 429.4 (M + Na)+.

tert-Butyl 1-Adamantyl{(2E)-2-[(2R,S)-2-(aminocarbo-
nyl)cyclopentylidene]-2-fluoroethyl}carbamate (11.6/
2b). Yield: 67%. 1H NMR CDCl3 (400 MHz): δ 1.45 (s, 9H,
C(CH3)3, 1.52-1.87 (m, 10H, CH2CH2CH, adamantyl-), 2.02-
2.14 (m, 9H, adamantyl-), 2.20-2.52 (m, 2H, CH2CH2CH2CH),
3.28-3.46 (br m, 1H, CHC(O)NH2), 4.0-4.28 (m, 2H, NCH2C-
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(F)d), 6.03-6.22 (br s, 1H, NH2), 6.51-6.63 (br s, 1H, NH2).
MS(ES+) m/z: 407.2 (M + H)+, 429.4 (M + Na)+.

tert-Butyl (2Z)-2-[(2R,S)-2-(Aminocarbonyl)cyclopen-
tylidene]-2-fluoroethyl(4-fluorobenzyl)carbamate (11.6/
1c). Yield: 86%. 1H NMR CDCl3 (400 MHz): δ 1.42 (s, 9H,
C(CH3)3), 1.52-1.64 (m, 1H, CH2CH2CH), 1.67-1.86 (m, 2H,
CH2CH2CH), 2.1-2.41 (m, 3H, CH2CH2CH2CH), 3.34-3.48 (m,
1H, CHC(O)NH2), 3.82-4.11 (m, 2H, CH2N), 4.28-5.1 (m, 2H,
ArCH2), 4.33-4.52 (m, 2H, ArCH2), 5.31-5.52 (br s, 1H, NH),
5.9-6.12 (m, 1H, NH), 6.92-7.07 (m, 2H, Ar), 7.12-7.22 (m,
2H, Ar). MS(ES+) m/z: 381.5 (M + H)+, 403.4 (M + Na)+.

tert-Butyl (2E)-2-[(2R,S)-2-(Aminocarbonyl)cyclopen-
tylidene]-2-fluoroethyl(4-fluorobenzyl)carbamate (11.6/
2c). Yield: 90%. 1H NMR CDCl3 (400 MHz): δ 1.4 (s, 9H,
C(CH3)3), 1.52-1.65 (m, 1H, CH2CH2CH), 1.68-1.89 (m, 2H,
CH2CH2CH), 1.9-2.14 (m, 1H, CH2CH2CH), 2.28-2.45 (m, 2H,
CH2CH2CH2CH), 3.13-3.38 (m, 1H, CHC(O)NH2), 3.74-4.28
(m, 1H, CH2N), 4.31-4.52 (m, 2H, ArCH2), 5.51-5.89 (br s,
1H, NH), 6.52-6.89 (br s, 1H, NH), 6.92-7.02 (m, 2H, Ar),
7.1-7.21 (m, 2H, Ar). MS(ES+) m/z: 381.4 (M + H)+, 403.5
(M + Na)+.

General Procedure for Amide Dehydration and Sub-
sequent Boc Deprotection (11.7). Amide 11.6 (100 mg 0.28
mmol) and imidazole (38 mg, 0.56 mmol) were dissolved in
dry pyridine (2 mL) and cooled under nitrogen to -10 °C. While
the mixture was being stirred vigorously, POCl3 (85 mg, 0.56
mmol) dissolved in dry dichloromethane was added dropwise
via a syringe. After 15 min, 2 g of silica was added and the
volatile components of the reaction mixture were evaporated.
The silica was then brought onto a column and chromato-
graphed using hexane/EtOAc 3:1 as eluent. The Boc-protected
carbonitrile was obtained as a colorless oil and was dissolved
in dichloromethane (1 mL) to which trifluoroacetic acid (1 mL)
was added. The reaction mixture was stirred for 20 min and
then evaporated thoroughly. The residue was mixed with dry
diethyl ether (2 mL) and stored for 48 h at 4 °C to allow
precipitation. The ether was carefully decanted, and the final
white precipitate was dried in a vacuum desiccator for 2 days.

(1R,S)-(2Z)-2-{1-Fluoro-2-[(2-phenylethyl)amino]ethyl-
idene}cyclopentanecarbonitrile (11.7/1a). Yield: 94%. 1H
NMR D2O (400 MHz): δ 1.51-1.92 (m, 2H, CH2CH2CH), 1.92-
2.08 (m,2H,CH2CH2CH), 2.31-2.50 (m, 2H, ArCH2), 2.82-3.00
(m, 2H, CH2N), 3.21-3.31 (m, 2H, CH2CH2CH2), 3.82-3.98
(m, 2H, NCH2C(F)), 4.28-4.46 (m, 1H, CHCN), 7.12-7.28 (m,
3H, Ar), 7.30-7.44 (m, 2H, Ar). 13C NMR D2O (400 MHz): δ
23.92 (s, CH2CH2CH), 26.3 (s, CH2CH2CH), 27.88 (s, CH2 CH2-
CH2), 30.12 (s, CH2 CH2CH), 37.81 (s, ArCH2), 43.8 (d, 2JC-F

) 27.3 Hz, NCH2C(F)), 46.42 (s, ArCH2CH2), 118.12 (d, 2JC-F

) 21.7 Hz, NCH2C(F)), 121.37 (s, CN), 126.04 (s, Ar), 127.33
(s, Ar), 127.69 (s, Ar), 134.73 (s, Ar), 136.32 (s, Ar), 148.12 (d,
1JC-F ) 247.2 Hz, CH2C(F)d). MS (ES+) m/z: 259.3 (M + H)+,
281.3 (M + Na)+. LC-MS: tR ) 4.11 min, 99%. HPLC (214
nm): tR ) 11.34 min, 99%.

(1R,S)-(2E)-2-{1-Fluoro-2-[(2-phenylethyl)amino]ethyl-
idene}cyclopentanecarbonitrile (11.7/2a). Yield: 89%. 1H
NMR D2O (400 MHz): δ 1.67-2.03 (m, 4H, CH2CH2CH), 2.89-
2.94 (t, 3JH-H )7.6 Hz, 2H, ArCH2), 3.20-3.26 (t, 3JH-H )7.7
Hz, 2H, ArCH2CH2N), 3.34-3.41 (m, 1H, CH2CH2CH2), 3.50-
3.53 (m, 1H, CH2CH2CH2), 3.69-3.78 (m, 1H, CHCN), 3.79-
3.92 (d, 3JH-F ) 20 Hz, 2H, NCH2C(F)d), 7.17-7.24 (m, 3H,
Ar), 7.25-7.32 (m, 2H, Ar). 13C NMR D2O (400 MHz): δ 24.34
(s, CH2CH2CH), 27.38 (s, CH2CH2 CH), 32.18 (s, CH2CH2CH2),
32.71 (s, CH2CH2CH), 40.52 (s, ArCH2), 44.87 (d, 2JC-F ) 28
Hz, NCH2C(F)), 48.02 (s, CH2CH2N), 121.37 (s, CN), 125.56
(d, 2JC-F ) 21.9 Hz (CH2)2Cd), 127.34 (s, Ar), 129.07 (s, Ar),
136.32 (s, Ar), 136.54 (s, Ar), 145.48 (d, 1JC-F ) 244 Hz,
CH2C(F)d). MS (ES+) m/z: 259.2 (M + H)+, 281.3 (M + Na)+.
LC-MS: tR ) 4.3 min, 98%. HPLC (214 nm): tR ) 11.58 min,
97%.

(1R,S)-(2Z)-2-[2-(1-Adamantylamino)-1-fluoroethyli-
dene]cyclopentanecarbonitrile (11.7/1b). Yield: 94%. 1H
NMR DMSO-d6 (400 MHz): δ 1.51-1.89 (m, 10H, CH2CH2-
CH + adamantyl-), 2.01-2.12 (m, 9H, adamantyl-), 2.14-2.39
(m, 2H, CH2CH2CH2CH), 3.4-3.52 (m, 1H, CHCN), 4.04 (d,

3JH-F ) 21.2 Hz, 2H, NCH2C(F)d). 13C NMR: δ 24.51 (s, CH2-
CH2CH), 27.12 (s, CH2CH2CH), 28.12 (s, CH2CH2CH2CH),
29.14 (s, adamantyl-), 31.97 (s, CH2CH2CH), 36.44 (s, ada-
mantyl-), 41.12 (s, adamantyl-), 43.12 (d,2JC-F ) 26.2 Hz,
NCH2C(F)), 120.70 (s, CN), 123.18 (d, 2JC-F ) 21.5 Hz,
(CH2)2Cd), 147.69 (d, 1JC-F ) 244 Hz, CH2C(F)d). MS (ES+)
m/z: 289.3 (M + H)+. LC-MS: tR ) 12.27 min, 98%. HPLC
(214 nm): tR ) 21.11 min, 98%.

(1R,S)-(2E)-2-[2-(1-Adamantylamino)-1-fluoroethyli-
dene]cyclopentanecarbonitrile (11.7/2b). Yield: 97%. 1H
NMR DMSO-d6 (400 MHz): δ 1.54-1.88 (m, 10H, CH2CH2-
CH + adamantyl-), 2.0-2.14 (m, 9H, adamantyl-), 2.22-2.437
(m, 2H, CH2CH2CH2CH), 3.42-3.56 (m, 1H, CHCN), 4.04 (d,
3JH-F ) 21.2 Hz, 2H, NCH2C(F)d). 13C NMR DMSO-d6 (400
MHz): δ 24.47(s, CH2CH2CH), 27.28 (s, CH2CH2CH), 29.2(s,
adamantyl-), 29.69 (s, CH2CH2CH2CH), 31.94 (s, CH2CH2CH),
36.5 (s, adamantyl-), 41.12 (s, adamantyl-), 44.06 (d,2JC-F )
26.4 Hz, NCH2C(F)), 49.21 (s, adamantyl-), 51.72 (s, adaman-
tyl-), 120.74 (s, CN), 124.36 (d, 2JC-F ) 21.5 Hz, (CH2)2Cd),
145.67 (d, 1JC-F ) 244 Hz, CH2C(F)d). MS(ES+) m/z: 289.3
(M + H)+, 311.2 (M + Na)+. LC-MS: tR ) 12.83 min, 99%.
HPLC (214 nm): tR ) 21.42 min, 99%.

(1R,S)-(2Z)-2-{1-Fluoro-2-[(4-fluorobenzyl)amino]ethyl-
idene}cyclopentanecarbonitrile (11.7/1c). 1H NMR D2O
(400 MHz): 1.54-1.78(m, 1H, CH2CH2CH), 1.8-1.93 (m, 1H,
CH2CH2CH), 1.94-2.1 (m, 2H, CH2CH2CH2CH), 2.11-2.33 (m,
2H, CH2CH2CH2CH), 3.53 (t, 3JH-H ) 7.2 Hz, 1H, CHCN), 3.6
(dd, 2JH-H ) 4.8 Hz, 3JH-H ) 19.6 Hz, 2H, CH2N), 4.02-4.19
(m, 2H, ArCH2), 6.94-7.09 (m, 2H, Ar), 7.31-7.42 (m, 2H, Ar).
13C NMR D2O (400 MHz): δ 25.70 (s, CH2CH2CH), 27.98 (s,
CH2CH2CH), 29.96 (s, CH2CH2CH2CH), 32.06 (s, CHCN), 44.01
(d, 2JC-F ) 27.7 Hz, CH2N), 50.23 (s, ArCH2), 116.54 (d,2JC-F

) 21.7 Hz, (CH2)2Cd), 119.41 (s, CN) 124.5 (d,3JC-F ) 12.4
Hz, Ar)), 125.98 (d,4JC-F ) 3.3 Hz, Ar), 132.29 (d, 3JC-F ) 8.5
Hz, Ar), 146.44 (d, 1JC-F ) 247.7 Hz, CH2C(F)d), 163.66 (d,
2JC-F ) 244.3 Hz, Ar). MS (ES+) m/z: 263.4 (M + H)+, 285.8
(M + Na)+. LC-MS: tR ) 7.22 min, 99%. HPLC (214 nm): tR

) 12.44 min, 99%.
(1R,S)-(2E)-2-{1-Fluoro-2-[(4-fluorobenzyl)amino]ethyl-

idene}cyclopentanecarbonitrile (11.7/2c). 1H NMR D2O
(400 MHz): δ 1.69-1.72 (m, 1H, CH2CH2CH), 1.83-1.96 (m,
1H, CH2CH2CH), 1.99-2.14 (m, 2H, CH2CH2CH), 2.37-2.61
(m, 2H, CH2CH2CH2), 3.58 (t, 3JH-H ) 6.4 Hz, 1H, CHCN),
3.69-3.94 (m, 2H, CH2N), 4.12 (s, 2H, ArCH2), 7.02-7.12 (m,
2H, Ar), 7.28-7.46 (m, 2H, Ar). 13C NMR D2O (400 MHz): δ
24.90 (s, CH2CH2CH), 28.15 (s, CH2CH2CH), 29.94 (s, CH2-
CH2CH2), 32.73 (s, CHCN), 44.08 (d, 2JC-F ) 28.3 Hz, CH2N),
50.63 (s, ArCH2), 116.54 (d,2JC-F ) 21.7 Hz, (CH2)2Cd), 120.04
(s, CN), 125.76 (d, 2JC-F ) 21.7 Hz, Ar), 125.94 (d,4JC-F ) 3.3
Hz, Ar), 132.31 (d, 3JC-F ) 8.5 Hz, Ar), 146.53 (d, 1JC-F )247.7
Hz, CH2C(F)d), 63.74 (d, 2JC-F )244.3 Hz, Ar). MS (ES+) m/z:
263.4 (M + H)+, 285.8 (M + Na)+. LC-MS: tR ) 7.97 min,
99%. HPLC (214 nm): tR ) 12.93 min, 99%.

Synthesis of Boc-Protected N-Substituted Glycines
(12). The appropriate N-Boc-protected amine (10 mmol),
dissolved in freshly dried tetrahydrofuran (50 mL), was cooled
to -78 °C under nitrogen. To this solution was dropped n-BuLi
(11 mmol) over a period of 2 min. After the mixture was stirred
for 5 min, ethyl bromoacetate (11 mmol), dissolved in dry ether
(5 mL), was added in one portion via a syringe and the cooling
bath was removed. The solution was allowed to reach room
temperature and stirred for another 2 h. Then, all volatile
components were evaporated. In this way, the crude product
was obtained. This was mixed with a 1 M solution of potassium
hydroxide in aqueous 70% methanol (12 mL). After the mixture
was stirred for 4 h at room temperature, the solvent was
evaporated under reduced pressure and the residue was
redissolved in water (140 mL). The aqueous layer was washed
with diethyl ether (2 × 50 mL), acidified to pH 1 and extracted
with ethyl acetate (2 × 50 mL). The combined organic layers
were dried over magnesium sulfate and evaporated under
reduced pressure, yielding the Boc-protected N-substituted
cyclohexylglycines, which were recrystallized from EtOAc/
hexanes (1:4).
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N-Boc-N-cyclohexylglycine (12a). Yield (two steps): 72%.
1H NMR CDCl3 (400 MHz): δ 1.09-1.52 (m, 15H, CH2(Cy),
-Boc),), 1.61-1.71 (m, 1H, CH2(Cy)), 1.81-1.92 (m, 2H,
Cy),3.09-3.23 (s, 1H, CH(Cy)), 4.03 (s, 2H, CH2). MS (ES-)
m/z: 256.1 (M - H)-.

N-Boc-N-benzylglycine (12b). Yield (two steps): 78%. 1H
NMR CDCl3 (400 MHz): δ 1.48 (s, 9H, Boc), 4.03 (s, 2H, CH2),
4.34 (s, 2H, CH2Ar), 7.18-7.41 (m, 5H, Ar). MS (ES-) m/z:
264.1 (M - H)-.

N-Boc-N-piperonylglycine (12.c). Yield (two steps): 68%.
1H NMR CDCl3 (400 MHz): δ 1.48 (s, 9H, Boc), 4.03 (m, 2H,
CH2), 5.9 (s, 2H, OCH2O), 6.88-7.01 (m, 3H, Ar). MS (ES-)
m/z: 308.2 (M - H)-.

Synthesis of Compounds 13.1, 13.2, and 14. These
compounds were prepared by coupling the acids 12 with
pyrrolidine, piperidine, and prolinamide, respectively, accord-
ing to the procedure described above for compounds 9.5, 9.6,
10.5, 10.6, 11.3. These intermediates were only characterized
by mass spectrometry.

General Procedure for the Thioxylation Reaction
Using Lawesson’s Reagent. The Boc-protected amides 13.1,
13.2 (0.5 mmol) were dissolved in dry toluene (10 mL).
Lawesson ‘s reagent (0.6 mmol, 0.23 g) was added, and the
suspension was refluxed for 2 h. Silica was added to the cooled
reaction mixture, and the volatile components were evaporated
under reduced pressure. The reaction mixture, adsorbed onto
silica, was chromatographed using hexane/ethyl acetate in
varying proportions. Boc-protected thioamides were obtained
as colorless oils that slowly solidified upon standing. These
compounds were only characterized using mass spectrometry.

Final Products 15.1, 15.2, 16.1, 16.2, 17. Dehydration of
the amide group (for compounds 17) was performed using the
protocol as described for the synthesis of compounds 11.7.
Final acidolytic deprotection was carried out by stirring the
Boc-protected compounds with a 1:1 mixture of trifluoroacetic
acid and dichloromethane for 15 min, thoroughly evaporating
the volatile components and precipitating of the target com-
pounds with dry diethyl ether. These were obtained as
hygroscopic white solids.

N-Cyclohexyl-2-oxo-2-(1-pyrrolidinyl)ethaneamine(15.1a).
Yield: 84%. 1H NMR D2O (400 MHz): δ 0.93-1.11 (m, 1H, CH2-
(Cy)), 1.12-1.48 (m, 5H, CH2(Cy)), 1.62-2.09 (m, 8H, CH2,
CH2, CH2(Cy)), 3.01-3.21 (m, 1H, CH(Cy)), 3.38-3.53 (m, 4H,
CH2, CH2), 3.62-4.03 (m, 2H, CH2). ES+-MS m/z: 211.2 (M +
H)+.

N-Benzyl-2-oxo-2-(1-pyrrolidinyl)ethaneamine (15.1b).
Yield: 67%. 1H NMR D2O (400 MHz): δ 1.77-1.88 (m, 2H,
CH2), 1.98-2.09 (m, 2H, CH2), 3.31-3.43 (m, 2H, CH2), 3.5-
3.76 (m, 2H, CH2), 3.97-4.11 (m, 2H, CH2), 4.22-4.35 (s, 2H,
ArCH2), 7.34-7.62 (m, 5H, Ar). ES+-MS m/z: 219.1 (M + H)+,
241.3 (M + Na)+.

N-Piperonyl-2-oxo-2-(1-pyrrolidinyl)ethaneamine(15.1c).
Yield: 88%. 1H NMR D2O (400 MHz): δ 1.78-1.87 (m, 2H,
CH2), 1.94-2.07 (m, 2H, CH2), 3.32-3.51 (m, 4H, CH2, CH2),
3.75-3.91 (s, 2H, ArCH2), 3.99-4.11 (s, 2H, CH2), 5.93 (s, 2H,
OCH2O), 6.5-6.81 (m, 1H, Ar), 6.86-7.14 (br m, 2H, Ar). ES+-
MS m/z: 263.3 (M + H)+.

N-Cyclohexyl-2-oxo-2-(1-piperidinyl)ethaneamine(15.2a).
Yield: 84%. 1H NMR D2O (400 MHz): δ 1.15-1.31 (m, 2H, CH2-
(Cy)), 1.34-1.49 (m, 4H, CH2(Cy)), 1.51-1.78 (m, 6H, CH2),
1.81-1.98 (m, 2H, CH2(Cy)), 2.01-2.11 (m, 1H, CH2(Cy)),
2.13-2.25 (m, 1H, CH2(Cy)), 3.01-3.21 (m, 1H, CH(Cy)), 3.38-
3.47 (m, 2H, CH2), 3.52-3.68 (m, 2H, CH2), 4.06-4.11 (s, 2H,
CH2). ES+-MS m/z: 225.3 (M + H)+.

N-Benzyl-2-oxo-2-(1-piperidinyl)ethaneamine (15.2b).
Yield: 67%. 1H NMR D2O (400 MHz): δ 1.43-1.52 (m, 4H,
CH2), 1.54-1.68 (m, 2H, CH2), 3.24-3.33 (m, 2H, CH2), 3.37-
3.53 (m, 2H, CH2), 3.97-4.09 (s, 2H, CH2), 4.21-4.33 (s, 2H,
ArCH2), 7.38-7.59 (br s, 5H, Ar). MS (ES+) m/z: 233.1 (M +
H)+, 255.2 (M + Na)+.

N-Piperonyl-2-oxo-2-(1-piperidinyl)ethaneamine (15.2c).
Yield: 71%. 1H NMR D2O (400 MHz): δ 1.46-1.55 (m, 4H,
CH2), 1.58-1.69 (m, 2H, CH2), 3.18-3.27 (m, 2H, CH2), 3.33-
3.46 (m, 2H, CH2), 3.74-3.92 (s, 2H, ArCH2), 3.99-4.12 (s, 2H,

CH2), 4.21-4.33 (s, 2H, ArCH2), 5.9 (s, 2H, OCH2O), 6.51-
6.82 (m, 1H, Ar), 6.86-7.14 (br m, 2H, Ar). ES+-MS m/z: 277.2
(M + H)+, 299.3 (M + Na)+.

1-Benzyl-N-[2-oxo-2-(1-piperidinyl)ethyl]-4-piperidi-
namine (15.2d). 1H NMR D2O (400 MHz): δ 1.62-1.71 (m,
6H, CH2), 1.94-2.09 (m, 2H, CH2), 2.46-2.50 (m, 2H, CH2),
3.19-3.24 (m, 2H, CH2), 3.36-3.45 (m, 2H, CH2), 3.51-3.65
(m, 3H, CH, CH2), 3.70-3.79 (m, 2H, CH2), 4.23 (s, 2H, ArCH2),
4.42 (s, 2H, CH2), 7.57-7.61 (m, 5H, Ar). ES+-MS m/z: 316
(M + H)+. HPLC (214 nm): tR ) 12.63 min, 99%.

N-Cyclohexyl-2-thioxo-2-(1-pyrrolidinyl)ethaneam-
ine (16.1a). Yield: 93%. 1H NMR D2O (400 MHz): δ 1.09-
1.51 (m, 5H, CH2(Cy)), 1.12-1.48 (m, 5H, CH2(Cy)), 1.58-1.67
(m, 1H, CH2(Cy)), 1.78-1.89 (m, 2H, CH2), 1.93-2.14 (m, 4H,
CH2, CH2(Cy)), 3.12-3.33 (m, 1H, CH(Cy)), 3.62-3.68 (m, 2H,
CH2), 3.71-3.83 (m, 2H, CH2), 4.04 (s, 2H, CH2). ES+-MS
m/z: 227.1 (M + H)+.

N-Benzyl-2-thioxo-2-(1-pyrrolidinyl)ethaneamine(16.1b).
Yield: 90%. 1H NMR D2O (400 MHz): δ 1.75-1.9 (m, 2H, CH2),
1.95-2.06 (m, 2H, CH2), 3.62-3.69 (m, 2H, CH2), 3.72-3.81
(m, 2H, CH2), 4.01 (s, 2H, CH2), 4.17-4.23 (m, 2H, ArCH2),
7.41-7.58 (m, 5H, Ar). ES+-MS m/z: 235.1 (M + H)+, 257.2
(M + Na+).

N-Piperonyl-2-thioxo-2-(1-pyrrolidinyl)ethaneamine
(16.1c). Yield: 87%. 1H NMR D2O (400 MHz): δ 1.76-1.89 (m,
2H, CH2), 1.94-2.05 (m, 2H, CH2), 3.57-3.68 (m, 2H, CH2),
3.7-3.83 (m, 2H, CH2), 4.0 (s, 2H, CH2), 4.09-4.18 (m, 2H,
ArCH2), 5.88-6.09 (br s, 2H, OCH2O), 6.68-7.01 (m, 3H, Ar).
ES+-MS m/z: 279.2 (M + H)+, 301.0 (M + Na+).

N-Cyclohexyl-2-thioxo-2-(1-piperidinyl)ethaneamine
(16.2a). 1H NMR D2O (400 MHz): δ 1.15-1.31 (m, 2H, CH2-
(Cy)), 1.34-1.49 (m, 4H, CH2(Cy)), 1.58-1.73 (m, 6H, CH2),
1.83-1.98 (m, 2H, CH2(Cy)), 2.0-2.12 (m, 1H, CH2(Cy)), 2.12-
2.23 (m, 1H, CH2(Cy)), 2.98-3.17 (m, 1H, CH(Cy)), 3.42-3.51
(m, 2H, CH2), 3.62-3.73 (m, 2H, CH2), 4.34-4.42 (s, 2H, CH2).
ES+-MS m/z: 241.3 (M + H)+.

N-Benzyl-2-thioxo-2-(1-piperidinyl)ethaneamine (16.2b).
1H NMR D2O (400 MHz): δ 1.46-1.55 (m, 4H, CH2), 1.54-
1.68 (m, 2H, CH2), 3.28-3.36 (m, 2H, CH2), 3.39-3.51 (m, 2H,
CH2), 4.14-4.28 (s, 2H, CH2), 4.24-4.37 (s, 2H, ArCH2), 7.38-
7.59 (br s, 5H, Ar). ES+-MS m/z: 249.1 (M + H)+, 271.2 (M +
Na)+.

N-Piperonyl-2-thioxo-2-(1-piperidinyl)ethaneamine
(16.2c). 1H NMR D2O (400 MHz): δ 1.44-1.57 (br m, 6H, CH2),
3.17-3.27 (m, 2H, CH2), 3.32-3.41 (m, 2H, CH2), 3.76-3.90
(s, 2H, ArCH2), 4.26-4.34 (s, 2H, CH2), 4.20-4.33 (s, 2H,
ArCH2), 6.52-6.80 (m, 1H, Ar), 6.86-7.14 (br m, 2H, Ar). ES+-
MS m/z: 293.4 (M + H)+.

1-{[(2-Phenylethyl)amino]acetyl}-2-pyrrolidinecarbo-
nitrile (17a). Yield: 42% (this is the combined yield for the
coupling, dehydration, and deprotection steps). 1H NMR D2O
(400 MHz): δ 1.81-2.42 (m, 4H, â,γCH2), 2.86-3.12 (m, 2H,
ArCH2), 3.22-3.68 (m, 4H, CH2, δCH2), 3.86-4.12 (m, 2H, CH2-
(Gly)), 4.65-4.76 (m, 1H, RCH), 6.99-7.21 (m, 2H, Ar), 7.04-
7.48 (m, 5H, Ar). MS(ES+) m/z: 258.1 (M + H)+.

1-[(1-Adamantylamino)acetyl]-2-pyrrolidinecarboni-
trile (17b). Yield: 38% (this is the combined yield for the
coupling, dehydration, and deprotection steps). 1H NMR D2O
(400 MHz): δ 1.42-2.51 (m, 19H, adamantyl + â,γCH2), 3.28-
3.62 (m, 4H, δCH2), 3.67-4.08 (m, 2H, CH2(Gly)). MS(ES+)
m/z: 288.2 (M + H)+.

1-{[(4-Fluorobenzyl)amino]acetyl}-2-pyrrolidinecar-
bonitrile (17c). Yield: 48% (this is the combined yield for
the coupling, dehydration, and deprotection steps). 1H NMR
D2O (400 MHz): δ 1.82-2.38 (m, 4H, â,γCH2), 3.21-3.68 (m,
2H, δCH2), 3.82-4.01 (m, 2H, CH2(Gly)), 4.25 (s, 2H, CH2Ar),
6.99-7.21 (m, 2H, Ar), 7.33-7.52 (m, 2H, Ar). MS (ES+) m/z:
262.3 (M + H)+.
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