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A 2,3,4-substituted pyridine derivative has been identified as a potential tripeptidomimetic
scaffold. The design of the scaffold was based on conformational and electrostatic comparisons
with a natural tripeptide. The scaffold has been used in the synthesis of a Pro-Leu-Gly-NH2
(PLG) mimetic. The different substituents in the 2-, 3-, and 4-positions of the pyridine ring
were introduced via an aromatic nucleophilic substitution reaction, a “halogen-dancing” reaction,
and a Grignard coupling of a Boc-protected amino aldehyde, respectively. The synthetic route
involves eight steps and provides the mimetic in 20% overall yield. The pyridine based PLG-
mimetic was evaluated for its ability to enhance the maximum response of the dopamine agonist
N-propylapomorphine (NPA) at human D2 receptors using a cell based assay (the R-SAT assay).
The dose-response curve of the mimetic was found to exhibit a down-turn phase, similar to
that of PLG. In addition, the mimetic was more potent than PLG to enhance the NPA response;
the maximum response was found to be 146% at 10 nM concentration, as compared to 115%
for PLG at the same concentration. Interestingly, conformational analysis by molecular modeling
showed that the pyridine mimetic cannot adopt a type II â-turn conformation that previously
has been suggested to be the bioactive conformation of PLG.

Introduction
Several short peptides have been shown to be involved

in vital physiological processes. Therefore, such peptides
are interesting as lead compounds for drug develop-
ment.1 In general, the therapeutic potential of natural
peptides is limited by their physicochemical properties.
The instability of amide bonds toward enzymatic deg-
radation prevents oral administration, peptides are
usually poorly transported through cell membranes and
they are rapidly excreted through liver and kidneys, and
the conformational flexibility of short peptides often
results in low receptor selectivity. To circumvent these
limitations, nonpeptidic compounds that mimic the
physiological effects of endogenous peptides are desired.
These compounds are commonly referred to as pepti-
domimetics.2,3 One approach toward the development
of peptidomimetics is to use a molecular template or
scaffold to which important pharmacophoric groups,
supposedly amino acid side chains, can be attached.4-7

Such compounds have the potential of being orally
active, selective, and metabolically stable. Conforma-
tionally more rigid structures can also provide impor-
tant information about the bioactive conformation of
peptides. We have for some time been interested in the

development of a general tripeptidomimetic scaffold
useful for mimicry and for investigation of conforma-
tional properties of various tripeptides and tripeptide
segments. In this study the design of a general tripep-
tidomimetic based on a 2,3,4-substituted pyridine scaf-
fold and its application to the tripeptide L-Pro-L-Leu-
Gly-NH2 (PLG) by the synthesis and biological evaluation
of mimetic 1 is presented.

PLG is an endogenous tripeptide found in the central
nervous system. Pharmacological studies have shown
that PLG exerts its biological effects by interaction with
the dopaminergic pathways.8 In particular, PLG en-
hances the effect of dopamine agonists. This modulation
of the dopamine receptors emanates from an enhanced
binding of agonists to the D2 receptor in the presence
of PLG and a shift in the ratio between receptors in the
low-affinity state versus the high-affinity state.9 Nu-
merous peptide analogues10-17 and peptidomimetics18-27

of PLG have been synthesized and evaluated in binding
assays and in vivo models in the search for compounds
with enhanced activity and stability in vivo. In addition,
to provide structure-activity information of the interac-
tion of PLG with the dopamine D2 receptors, such
compounds have potential use in the treatment of
dopamine-related disorders such as Parkinson’s disease
and tardive dyskinesia.
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Results and Discussion

Design of a Tripeptidomimetic Scaffold. Initially
a trisubstituted aromatic ring was investigated as a
peptidomimetic scaffold (Scheme 1). Such system seemed
attractive from a synthetic point of view due to the
thoroughly explored chemistry of benzene derivatives
and the lack of stereocenters in the ring. The idea was
to replace the second amino acid of the tripeptide with
the aromatic ring containing the amino acid side chain
moiety and then let the peptide chain continue from the
neighboring (ortho) positions.

To improve the mimicking ability of the six-mem-
bered, aromatic scaffold, different heterocyclic ring
systems were examined by computer-based methods.28

Molecular mechanics calculations29 were used to exam-
ine conformational preferences, and AM1 semiempirical
methods30 were used to calculate electrostatic proper-
ties. An Ac-Ala-Ala-Ala-NHMe tripeptide was used as
a model compound together with various suggestions
of appropriate peptidomimetic structures. By comparing
the predicted atomic charges with those of the model
tripeptide, it was found that the pyridine ring system
showed interesting properties. The nitrogen atom in the
pyridine ring provides a good electrostatic mimic of the
carbonyl oxygen in an amide bond (Table 1). The
connecting atom (X) in the proposed tripeptidomimetic
could be either a nitrogen or an oxygen atom. Figure 1
shows a geometrical comparison of the natural tripep-
tide and the proposed mimetic (X ) NH). As can be seen,
the geometric fit between the peptide and the mimetic
is good overall, except for the direction of the second
amino acid side chain, which is constrained by the
aromatic ring.

To explore the synthetic feasibility of the designed
scaffold, PLG was chosen as the first tripeptide target.

Synthesis. A strategy for the synthesis of the 2,3,4-
trisubstituted pyridine system, where the introduction
of the different substituents was investigated, has
recently been reported.31 A retrosynthetic analysis of

PLG mimetic 1 is shown in Scheme 2. The key inter-
mediate is the functionalized scaffold 2, in which the
leucine side chain is attached to the 3-position of the
pyridine ring and the neighboring positions are func-
tionalized by fluorine and iodine, respectively. This
substitution pattern allows for selective introduction of
suitable groups in the 2- and 4-positions. The N-
terminal amino acid (proline) could be attached to the
scaffold via a metal-mediated coupling reaction, and the
C-terminal amino acid equivalent (glycolamide) could
be introduced via a nucleophilic aromatic substitution
reaction. For synthetic reasons, the connecting atom X
in the proposed tripeptidomimetic, was chosen to be an
oxygen atom.31

The functionalized scaffold 4 was synthesized in two
steps starting from 2-fluoropyridine as described earlier
(Scheme 3).31 In the first step, treatment of 2-fluoropy-
ridine with LDA followed by addition of iodine afforded
2-fluoro-3-iodopyridine (3) in 78% yield.32 To introduce
the substituent in the 3-position, a phenomenon referred
to as “halogen-dancing” was used.33 Metalation of 3 with
LDA initially forms an anion in the 4-position. This
anion is rearranged to the 3-position while iodine
migrates to the 4-position, presumably due to the
additional stabilization of the anion by fluorine. Sub-
sequent addition of an electrophile results in attachment
of the desired side chain equivalent in the 3-position
and provides a 3-alkyl-2-fluoro-4-iodopyridine. Attempts
failed to introduce an isobutyl group directly by using
isobutyl bromide or isobutyl iodide as electrophiles.
Instead, an unsaturated side-chain equivalent was
employed; reaction with metallyl bromide produced the
isobutylene derivative 4 in 93% yield.

The metal-mediated coupling of the proline residue
to the 4-position proved troublesome at first.31 Several
attempts to accomplish the coupling via a Stille reaction
or a lithiated scaffold failed. Instead, the coupling was
accomplished using a Grignard reaction. The Grignard
reagent was formed by treatment of the pyridine scaffold
with iPrMgCl in THF at room temperature.34 Subse-

Scheme 1. Design Strategy

Table 1. Semiempirical Calculations of Atomic Charges for the
Ac-Ala-Ala-Ala-NHMe Tripeptide and the Corresponding
Tripeptidomimeticsa

compound atom 1 atom 2 atom 3

peptide -0.56 0.75 -0.65
benzene mimetic -0.23 0.31 -0.58
pyridine mimetic X ) NH -0.68 0.92 -0.74
pyridine mimetic X ) O -0.70 0.82 -0.42

a See Scheme 1 for structures and numbering of the atoms.

Figure 1. A geometrical comparison of two selected low-
energy conformations of the model tripeptide and the corre-
sponding mimetic (X ) NH).

Scheme 2. Retrosynthetic Analysis of the PLG Mimetic
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quent addition of Boc-protected proline aldehyde af-
forded the expected alcohols (5a and 5b) in a combined
yield of 88% (approximately 85:15 diastereomeric ratio)
and the deiodinated pyridine derivative corresponding
to 4 (5c, 8% yield). The stereoisomers were separated
in order to study the diastereoselectivity in this step and
thereafter the reaction sequence was continued only
with the major isomer. The minor isomer was crystal-
lized and analyzed by X-ray crystallography.35 It was
found to be the R-isomer (Figure 2), which indicates that
the reaction proceeds according to Cram’s chelation
model for carbonyl addition with preferential formation
of the S-isomer.36

A first attempt to directly oxidize alcohol 5a to the
corresponding ketone (Dess-Martin periodinane), fol-
lowed by nucleophilic substitution in the 2-position
(glycolamide, KH), gave the desired product 9. However,
this product showed no optical activity, which indicated
that a racemization occurred during the strongly basic
conditions used in the substitution reaction. Analysis
by chiral HPLC using a Pirkle Covalent (S,S)-Whelk-O
1 10/100 Krom Fec column confirmed the conclusion,
as the chromatogram showed two peaks with a 1:1 ratio.

Attempts to introduce the 2-substituent on alcohol 5a
by a nucleophilic substitution reaction (KH, glycola-
mide) gave no desired product. The main product was
instead identified by mass spectroscopy as a bicyclic
oxazolidinone, resulting from attack by the hydroxy
group on the carbonyl in the Boc group. Obviously, there
was a need to protect the secondary alcohol of 5a. First
the use of various silyl protecting groups was explored.
It was found that addition of a mixture of KH and

glycolamide to silyl-protected37 5a gave rapid deprotec-
tion and a mixture of 5a and the oxazolidinone (see
above) was observed. Instead, treatment of 5a with
benzyl bromide in the presence of NaH and tetrabutyl-
ammonium iodide afforded the benzyl ether 6 in 86%
yield. The nucleophilic substitution reaction could then
be accomplished by reaction of 6 with glycolamide and
KH in DMSO at 55 °C to give amide 7 in 74% yield.
Attempts to use mixtures of DMF and THF as solvents
or NaH as base were considerably less successful. When
the reaction was run at a higher temperature (80 °C), a
byproduct (10) resulting from a nucleophilic attack of
the amide functionality of glycolamide was detected in
∼10% yield.

Simultaneous cleavage of the benzyl ether and reduc-
tion of the double bond in the isobutylene group were
achieved by catalytic hydrogenation using Pd/C to afford
8 in 92% yield. In some instances this reaction stopped
before completion and the rearranged product 11 was
formed. Fortunately, the conjugated double bond in 11
was easy to reduce by the same method using fresh
catalyst. It should also be mentioned that in one
instance methanolysis of the terminal amide was ob-
served. Change of solvent to THF eliminated this side
reaction. Oxidation of the secondary alcohol with Dess-
Martin periodinane afforded ketone 9 in 84% yield. For
similar substrates, this method was superior to the use
of PDC or Jones’ reagents. The optical purity of 9 was
confirmed by chiral HPLC analysis. The chromatogram
showed one single peak, as compared to the two peaks
for the racemate (see above).

Finally, cleavage of the Boc group was achieved by
TFA/CH2Cl2 (1:3). By shortening the reaction time from
30 to 5 min an unwanted amide hydrolysis38 to acid 12
was avoided and the final product 1 was isolated as a
TFA salt in 65% yield after purification by HPLC.

Scheme 3. Synthesis of the PLG Mimetica

a Reaction conditions: (i) LDA, I2, THF, -78 °C, 5 h; (ii) LDA, metallyl bromide, THF, -78 °C, 3.5 h; (iii) iPrMgCl, Boc-Pro-CHO, THF,
rt, overnight; (iv) BnBr, NaH, cat. Bu4NI, THF, rt, 28 h; (v) Glycolamide, KH, DMSO, 55 °C, 60 h; (vi) H2, cat. Pd/C, MeOH, rt, 1.5 h; (vii)
Dess-Martin periodinane, CH2Cl2, rt, overnight; (viii) TFA, CH2Cl2, rt, 5 min.

Figure 2. X-ray crystal structure of 5b, showing 50% prob-
ability displacement ellipsoids.51
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Pharmacological Testing. The PLG mimetic 1 was
evaluated in the R-SAT assay, a pharmacologically
predictive cell-based functional assay based on ligand-
dependent transformation of NIH/3T3 cells as previ-
ously described.39,40 Compound 1 and native PLG were
tested for their ability to enhance the maximum re-
sponse of the dopamine agonist N-propylapomorphine
(NPA) at the human D2 receptor at three different
concentrations (10, 50, and 100 nM). As described by
Dolbeare et al.,27 an enhancement in NPA maximum
response was observed at 10 nM PLG (115 ( 6%, n)5)
but not at higher concentrations (50 nM, 104 ( 13%,
n)3; 100 nM, 98 ( 6%, n)3). However, for compound
1, an enhancement in NPA response was observed at
both 10 nM (146 ( 28%, n)4) and 50 nM (135 ( 14%,
n)3) concentration of 1 (Figure 3). No enhancement of
NPA response was however observed at 100 nM of 1
(117 ( 39%, n)3). In addition, no enhancement in NPA
response was observed with the unrelated peptide,
somatostatin-14 (10 or 50 nM). The down-turn phase
exhibited by both PLG and mimetic 1 in this assay is
in accordance with previous findings where PLG has
shown a bell-shaped dose-response curve.41 The mech-
anism of action for this behavior is however not pres-
ently known.

Druglike Properties. In the design of new drug
candidates, it is of great importance to evaluate the
physicochemical properties of the candidates in order
to qualitatively estimate oral bioavailability and mem-
brane permeability. The properties originally proposed
by Lipinski et al.42 (MW, H-bond donors, H-bond accep-
tors, log P) together with the properties more recently
suggested by Veber et al.43 [rotable bonds, sum of
H-bond donors and acceptors, polar surface area (PSA)]
have been calculated for mimetic 1 and PLG (Table 2).
Both PLG and mimetic 1 satisfy all the parameters
mentioned above and are hence expected to show
acceptable absorption properties. However, the positive
log P value and the lower number of H-bond donors and
acceptors of mimetic 1 as compared to PLG are reflected
in more favorable PSA predictions (99 vs 122 Å2). In
fact, it has been estimated that a polar surface area over
120 Å2 only permits approximately 20% permeability
in vivo.44 Thus, even though both compounds can be
considered to be within the “druglike limits”, mimetic
1 is predicted to show more favorable membrane perme-
ability properties than PLG.

Structure-Activity Relationships. On the basis
of results from previous studies, a type II â-turn has
been proposed as the bioactive conformation of
PLG.17,21,22,45 The conformational properties of peptido-
mimetic 1 have been examined by molecular modeling.
In particular, the probability of 1 to adopt a type II
â-turn was investigated. As expected, it was found that
mimetic 1 cannot adopt a type II â-turn due to the
aromaticity of the pyridine ring, which restricts the φ2
and æ2 torsion angles to approximately -180° and
+180°, respectively (Figure 4a). In order for the mimetic
to adopt any turnlike conformation, the pyrrolidine ring
of the proline residue must be at the same face of the
pyridine ring (which lies perpendicular to the plane of
the turn) as the glycol amide tail. When doing so, the
carbonyl group is forced to point in the direction out of

Figure 3. Stimulation of NPA response at the D2 receptor
by PLG and 1. Data represent the percentage of maximum
NPA response over the media-alone control in the cell-based
functional assay R-SAT. The indicated concentrations of PLG
or 1 were added with NPA. Shown are the average and
standard deviations of three to five separate experiments
carried out in triplicate. Paired t-test indicates significant
differences from media-alone values: *, p < 0.05; **, p < 0.01.

Table 2. Druglike Properties of Mimetic 1 and PLG

entry propertya PLG mimetic 1

1 MW (g/mol) 284 305
2 H-bond donors 5 3
3b H-bond acceptors 7 6
4c C log P -1.62 0.77
5 rotable bonds 7 7
6 H-bond total 10 7
7d polar surface area (Å2) 122 99

a Druglike properties are limited to MW e 500 g/mol, H-bond
donors e 5, H-bond acceptors e 10, C log P e 5, rotable bonds e
10, H-bond total e 12, polar surface area e 140 Å2 (for definition
of the parameters, see ref 42 for entries 1-4 and ref 43 for entries
5-7). b The pyrrolidine nitrogen was not counted as a hydrogen-
bond acceptor since it is charged at physiological pH. c C log P was
calculated using Spartan v. 5.1.3 ab initio calculation of log P
(Ghose-Crippen). d Polar surface area was calculated using MAR-
EA version 2.4.50

Figure 4. (a) PLG in a â-turn conformation and mimetic 1
with the æ and ψ dihedral angles shown. (b) Overlap picture
between a selected turnlike low-energy conformation of mi-
metic 1 and PLG in a type II â-turn conformation.
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the turn, which makes a hydrogen bond between this
functionality and the terminal amide impossible (Figure
4b). The H‚‚‚O distance between the (CdO)i and (HN)i+3
residues is approximately 6 Å, as compared to 2 Å for
the peptide in the suggested bioactive conformation.
Although a type II â-turn as a bioactive conformation
is supported by test results of several highly constrained
PLG mimetics,20 the biological activity of 1 cannot
emanate from its ability to adopt such a conformation.
It has, however, been suggested that there might be two
different ways in which mimetics can interact with the
PLG modulatory site.15 Our findings support this sug-
gestion but today the properties of this second bioactive
conformation are unknown.

Conclusion

A novel pyridine-based tripeptidomimetic scaffold has
been designed, synthesized, and tested as a mimetic of
PLG. The synthetic sequence, which involves eight
steps, afforded the desired mimetic in 20% total yield.
Compound 1 was found to efficiently mimic the dopam-
ine agonist enhancing response of PLG. This effect
makes 1 interesting as a modulator of dopaminergic
activity, especially in dopamine dependent degenerative
diseases such as Parkinson’s disease and tardive dys-
kinesia. To investigate the structure-activity relation-
ship for this type of compound, synthesis and evaluation
of analogues of 1 as dopamine modulators are in
progress.

Experimental Section

Chemistry. General Data. All chemical reagents were
commercially available. THF was distilled from potassium/
sodium. TLC analysis was performed on silica gel F254 (Merck)
and detection was carried out by examination under UV light
and staining with phosphomolybdic acid. After workup, all
organic phases were dried with MgSO4. Flash column chro-
matography was performed on silica gel with solvent of HPLC
grade or analytical grade. Analytical reversed-phase HPLC
was performed on a Beckman System Gold HPLC equipped
with a Kromasil C-8 column (250 × 4.6 mm) using acetonitrile
(0.1% TFA) in H2O (0.1% TFA), 0-100% linear gradient over
60 min. A flow rate of 1.5 mL/min was used and detection was
at 254 nm. Preparative reversed-phase HPLC was performed
on a Kromasil C-8 column (250 × 20 mm) using the same
eluent, a flow rate of 11 mL/min, and detection at 254 nm.
Chiral HPLC chromatography was performed on a Pirkle
Covalent (S,S)-Whelk-O 1 10/100 Krom Fec column using CH2-
Cl2/iPrOH/heptane (48:4:48) as eluent, a flow rate of 1.0 mL/
min, and detection at 254 nm. Melting points were determined
on a Büchi melting point apparatus and are uncorrected.
Specific rotations were measured with a Perking-Elmer model
343 polarimeter. 1H and 13C NMR spectra were recorded on a
Bruker DRX-400 spectrometer at 400 and 100 MHz, respec-
tively, and calibrated using the residual peak of solvent as
internal reference [CDCl3 (CHCl3 δH 7.26, CDCl3 δC 77.0) or
CD3OD (CD2HOD δH 3.34, CD3OD δC 49.0)]. Infrared spectra
were recorded using an ATI Mattson Infinity Series FTIR
spectrometer. High-resolution mass spectral analysis was
performed at Instrumentstationen, Lund University, Sweden.
Elemental analyses were performed by MikroKemi AB, Upp-
sala, Sweden. Compounds 332 and 431 were synthesized as
reported earlier.

(S)-[(2S)-1-tert-Butoxycarbonylpyrrolidin-2-yl)[2-fluoro-
3-(2-methylallyl)pyridin-4-yl]methanol (5a), (R)-[(2S)-1-
tert-Butoxycarbonylpyrrolidin-2-yl)[2-fluoro-3-(2-meth-
ylallyl)pyridin-4-yl]methanol (5b), and 2-Fluoro-3-(2-
methylallyl)pyridine (5c). A 2.0 M solution of isopropyl-
magnesium chloride in THF (3.00 mL, 5.95 mmol) was added

with syringe to a solution of the iodo derivative 4 (1.65 g, 5.95
mmol) in freshly distilled THF (8 mL), kept under nitrogen
atmosphere at room temperature. The reaction was exothermic
and became warm, cloudy, and somewhat discolored. After 1
h, Boc-Pro-CHO (1.19 g, 5.95 mmol) was added as a solution
in THF (6 mL), whereby the reaction mixture again became
warm but clear and kept the yellow-brown color. The reaction
was stirred overnight before it was quenched by the addition
of H2O (20 mL) and extracted to diethyl ether. The combined
organic phases were washed with brine, dried, and concen-
trated to yield 2.2 g of a crude oil (dr 85:15 according to crude
NMR analysis). Purification by flash chromatography (EtOAc/
heptane 1:6 then 1:2) afforded the diastereomers 5a and 5b
(1.84 g, 88% combined yield) and the deiodinated byproduct
5c (68 mg, 8%):

5a: A colorless oil; [R]D +9.2 (c 1.3, CHCl3); 1H NMR (CDCl3)
δ 8.03 (d, 1H, J ) 5.3 Hz); 7.27 (d, 1H, J ) 5.3 Hz), 6.08 (br s,
1H), 4.76 (s, 1H), 4.73 (d, 1H, J ) 8.7 Hz), 4.37 (s, 1H), 4.13
(m, 1H), 3.44-3.30 (m, 4H), 1.75 (s, 3H), 1.72-1.59 (m, 3H),
1.44 (s, 9H), 1.34-1.22 (m, 1H); 13C NMR (CDCl3) δ 162.27 (d,
J ) 239 Hz), 158.22, 155.12 (d, J ) 4 Hz), 145.24 (d, J ) 15
Hz), 142.54, 120.20 (d, J ) 3 Hz), 119.14 (d, J ) 31 Hz), 111.69,
81.01, 73.57, 63.13, 47.54, 32.55, 28.22 (4 C:s), 23.96, 22.73;
IR (neat) 3270, 2968, 1679, 1374 cm-1; HRMS (FAB) calcd for
C19H28FN2O3 [M + H]+ 351.2084, found 351.2076. Anal.
(C19H27FN2O3) C, H, N.

5b: A colorless oil; [R]D -34.7 (c 1.2, CHCl3); 1H NMR
(CDCl3) δ 8.04 (d, 1H, J ) 4.9 Hz), 7.40 (br s, 1H), 5.39 (s,
1H), 4.74 (s, 1H), 4.30 (br s, 1H), 4.00 (br s, 1H), 3.75-3.15
(m, 5H), 2.00-1.60 (m, 4H), 1.81 (s, 3H), 1.46 (s, 9H); 13C NMR
(CDCl3) δ 162.38 (d, J ) 239 Hz), 155.69, 154.73, 144.88 (d, J
) 15 Hz), 143.15, 119.55, 118.42 (d, J ) 31 Hz), 110.85, 79.95,
69.70, 61.67, 47.95, 32.43, 28.44 (3 C:s), 24.97, 24.33, 23.09;
IR (neat) 3355, 2974, 1681, 1395 cm-1; HRMS (FAB) calcd for
C19H28FN2O3 [M + H]+ 351.2084, found 351.2070. Anal.
(C19H27FN2O3) C, H, N.

5c: A colorless oil; 1H NMR (CDCl3) δ 8.04 (m, 1H,), 7.57
(m, 1H), 7.10 (m, 1H), 4.83 (s, 1H), 4.65 (s, 1H), 3.29 (s, 2H),
1.69 (s, 3H); 13C NMR (CDCl3) δ 162.06 (d, J ) 239 Hz), 145.38
(d, J ) 15 Hz), 142.39, 141.16 (d, J ) 6 Hz), 121.44 (d, J ) 32
Hz), 121.30 (d, J ) 4 Hz), 112.80, 36.62, 22.05; IR (neat) 3077,
2971, 2917, 1604, 1577, 1436 cm-1; HRMS (EI) calcd for C9H10-
FN [M]+ 151.0797, found 151.0786.

4-[(1S)-Benzyloxy-1-[(2S)-1-tert-butoxycarbonylpyrro-
lidin-2-yl]methyl]-2-fluoro-3-(2-methylallyl)pyridine (6).
Alcohol 5a (1.13 g, 3.22 mmol) was dissolved in freshly distilled
THF and stirred while NaH (0.19 g, 4.84 mmol, 60%) was
added carefully. Benzyl bromide (0.58 mL, 4.84 mmol) and
tetrabutylammonium iodide (60 mg, 0.16 mmol) were added.
The reaction was stirred at room temperature for 28 h before
it was quenched by the addition of NH4Cl (aq, sat.) and
extracted into Et2O. The combined organic phases were
washed with brine, dried, and concentrated to a yellow oil. The
crude product was purified by flash chromatography (EtOAc/
heptane 1:10) to yield 6 (1.22 g, 86%) as a colorless oil: [R]D

-40.4 (c 0.94, CHCl3); 1H NMR (CDCl3) (rotamers) δ 8.07 (br
s, 1H), 7.42 (br s, 1H), 7.36-7.23 (m, 5H), 5.03 (br s, 0.5H),
4.84-4.70 (m, 1.5H), 4.45-4.29 (m, 3H), 4.27-4.12 (m, 1H),
3.55-3.10 (m, 3.5H), 3.05-2.91 (m, 0.5H), 2.07-1.10 (m, 4H),
1.76 (s, 3H), 1.44 (s, 5H), 1.23 (s, 4H); 13C NMR (CDCl3) [δ for
minor rotamer when observed and assigned (above 27 ppm)]
δ 162.28 (d, J ) 238 Hz), 154.92 [154.35], 152.88 (d, J ) 4
Hz), 144.58 [144.93] (d, J ) 16 Hz), 142.44 [142.10], 137.64
[137.37], 128.09 (2 C:s), 127.40, 127.30 (2 C:s), 120.16 [119.58]
(d, J ) 31 Hz), 120.05, 111.36 [111.55], 79.28, 76.68 [78.04],
71.31 [71.20], 60.46, 46.60 [46.47], 31.95 [32.10], 28.19 [27.89]
(3 C:s), 25.80, 23.78, 23.11, 22.58; IR (neat) 3066, 2975, 2885,
1691, 1390 cm-1; HRMS (FAB) calcd for C26H34FN2O3 [M +
H]+ 441.2553, found 441.2548.

2-{4-[(1S)-Benzyloxy-1-((2S)-1-tert-butoxycarbonylpyr-
rolidin-2-yl)methyl]-3-(2-methylallyl)pyridin-2-yloxy}-
acetamide (7). Glycolamide (63 mg, 0.84 mmol) was dissolved
in dry DMSO (1 mL) and KH was added carefully. After a few
minutes, the gas evolution stopped and the pyridine derivative
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6 (74 mg, 0.17 mmol) was added as a solution in DMSO (1
mL). The reaction was heated at 55 °C for 60 h or until no
starting material could be detected by TLC. The reaction was
quenched by the addition of H2O, and aq HCl (5%) was added
until neutral pH was achieved. The product was extracted to
CH2Cl2, and the combined organic phases were washed with
brine, dried, and concentrated to a crude yellow oil. Purifica-
tion by flash chromatography (EtOAc/heptane 2:1) afforded 7
(62 mg, 74%) as a white foam: [R]D -30.9 (c 1.1, CHCl3); 1H
NMR (CDCl3) (rotamers) δ 8.05 (br s, 1H), 7.36-7.15 (m, 6H),
6.48-6.33 (m, 1H), 6.27-5.97 (m, 1H), 5.92-5.78 (m, 0.5H),
5.15 (m, 0.5H), 5.03-4.10 (m, 7H), 3.54-2.90 (m, 3H), 2.09-
1.06 (m, 17H); 13C NMR (CDCl3) (rotamers) [δ for minor
rotamer when assigned (above 27 ppm)] δ 172.14 [171.91],
160.16 [159.10], 154.75 (br), 150.33 [150.00], 144.99 [144.24],
138.96 [138.38], 137.96 (br), 128.27 (2 C:s), 127.54 (3 C:s),
120.82 (br), 116.50 [116.96], 110.07 (br), 79.16 [79.48], 77.99
(br), 71.08 [71.47], 64.81 [64.13], 60.85 [60.35], 46.56 (br), 32.64
(br), 28.34 (br, 3 C:s), 26.62, 25.96, 25.41, 23.95, 23.32, 19.89;
IR (neat) 1685, 1388 cm-1; HRMS (FAB) calcd for C28H38N3O5

[M + H]+ 496.2811, found 496.2814. Anal. (C28H37N3O5) C, H,
N.

2-{4-[1-[(2S)-1-tert-Butoxycarbonylpyrrolidin-2-yl]-(1S)-
hydroxymethyl]-3-isobutylpyridin-2-yloxy}acetamide (8).
Compound 7 (60 mg, 0.12 mmol) was dissolved in MeOH (1
mL), and Pd/C (10%, 22 mg) was added. The reaction was
stirred vigorously under H2 at room temperature for 1.5 h. The
catalyst was filtered off using a plug of Celite and the filtrate
was concentrated to afford 8 (45 mg, 92%) as a colorless oil/
foam: [R]D -35.3 (c 1.0, CHCl3); 1H NMR (CDCl3) δ 8.02 (d,
1H, J ) 5.3 Hz), 7.14 (d, 1H, J ) 4.7 Hz), 6.28 (br s, 1H), 6.06
(br s, 1H), 5.79 (br s, 1H), 4.91-4.75 (m, 3H), 4.19-4.10 (m,
1H), 3.53-3.38 (m, 2H), 2.70 (dd, 1H, J ) 13.5, 6.8 Hz), 2.45
(dd, 1H, J ) 13.5, 7.7 Hz), 1.99-1.86 (m, 1H), 1.85-1.75 (m,
2H), 1.72-1.61 (m, 1H), 1.51 (s, 9H), 1.37-1.27 (m, 1H), 0.96
(app t, 6H, J ) 6.3 Hz); 13C NMR (CDCl3) δ 172.00, 160.19,
158.42, 152.21, 144.30, 121.63, 116.66, 81.15, 73.33, 64.92,
63.79, 47.73, 34.22, 29.48, 28.38 (3 C:s), 28.26, 24.21, 22.79,
22.35; IR (neat) 3315, 2957, 1665, 1395 cm-1; HRMS (FAB)
calcd for C21H34N3O5 [M + H]+ 408.2498, found 408.2484.

2-{4-[(2S)-1-tert-Butoxycarbonylpyrrolidine-2-carbonyl]-
3-isobutylpyridin-2-yloxy}acetamide (9). Alcohol 8 (105
mg, 0.26 mmol) was dissolved in dry CH2Cl2 and Dess-Martin
periodinane (15% in CH2Cl2, 0.71 mL) was added. After
stirring at room temperature for 4 h, another 0.15 mL of the
oxidizing agent was added and the reaction was stirred
overnight. The reaction was quenched by the addition of
Na2S2O5 (350 mg, 1.8 mmol) in NaHCO3 (aq, sat.) and
extracted into CH2Cl2. The combined organic layers were
washed with brine, dried, and concentrated to a crude oil.
Purification by flash chromatography (EtOAc:heptane 2:1)
afforded 9 (88 mg, 84%) as a white foam: [R]D +9.1 (c 1.0,
CHCl3); 1H NMR (CDCl3) major [minor] rotamer integral ratio
0.55 [0.45] δ 8.09 [8.13] (d, 1H, J ) 5.2 Hz), 7.24 [7.10] (d, 1H,
J ) 5.2 Hz), 6.26 (br s, 1H), 5.91 (br s, 1H), 4.97-4.87 (m,
1H), 4.87-4.78 (m, 2H), 3.71-3.56 (m, 1H), 3.54-3.39 (m, 1H),
2.83-2.74 (m, 1H), 2.50-2.39 (m, 1H), 2.19-1.75 (m, 5H), 1.45
[1.39] (s, 9H), 0.95-0.86 (m, 6H); 13C NMR (CDCl3) rotamers
[δ for minor rotamer when assigned (above 30 ppm)] δ 203.03
[201.17], 171.46 [171.29], 161.21 [160.95], 154.41 [153.63],
147.48 [146.44], 144.36 [144.50], 122.42 [122.96], 116.32
[116.04], 79.95 [80.25], 65.03 [65.13], 64.06 [63.95], 46.84
[46.62], 35.03 [35.12], 29.50, 29.45, 29.29, 28.83, 28.37 [28.32]
(3 C:s), 24.21, 23.07, 22.74, 22.60, 22.50; HRMS (FAB) calcd
for C21H32N3O5 [M + H]+ 406.2342, found 406.2346.

2-{3-Isobutyl-4-[(2S)-pyrrolidine-2-carbonyl]pyridin-2-
yloxy}acetamide TFA Salt (1). Trifluoroacetic acid (0.5 mL)
was added to a solution of 9 (20 mg, 0.049 mmol) in freshly
distilled CH2Cl2 (1.5 mL) at room temperature. The reaction
was allowed to stir for 5 min before it was concentrated under
reduced pressure without heating to afford a yellowish solid.
Purification by reversed-phase preparative HPLC afforded 1
(13 mg, 65%) as a yellow solid: [R]D -25.4 (c 1.2, H2O); 1H
NMR (CD3OD) δ 8.23 (d, 1H, J ) 5.3 Hz), 7.34 (d, 1H, J ) 5.3

Hz), 5.34-5.30 (m, 1H), 4.94-4.84 (m, 2H), 3.50-3.43 (m, 2H),
2.97 (dd, 1H, J ) 12.9 Hz, 7.4 Hz), 2.70 (dd, 1H, J ) 12.9 Hz,
7.2 Hz), 2.47-2.40 (m, 1H), 2.19-2.01 (m, 3H), 1.97-1.88 (m,
1H), 0.97-0.93 (m, 6H); 13C NMR (CD3OD) δ 197.79, 173.94,
163.46, 146.07, 143.75, 125.98, 117.29, 66.66, 65.50, 47.25,
35.51, 30.48, 29.39, 24.89, 22.95, 22.85; IR (neat) 1665 cm-1;
HRMS (FAB) calcd for C16H24N3O3 [M + H]+ 306.1818, found
306.1832. Anal. (C18H26F3N3O6) [M + TFA + H2O]: C, H, N.

X-ray Crystallography of 5b. The X-ray crystal structure
of 5b was determined at the Department of Inorganic Chem-
istry, Umeå University. Single colorless crystals of 5b were
obtained as prisms from heptane (dimensions: 0.45 mm × 0.15
mm × 0.10 mm) and are, at 150 K, orthorombic, space group
P212121 (No. 19) with a ) 9.9070(4) Å, b ) 10.0770(3) Å, c )
19.6780(4) Å, V ) 1964.5 (1) Å3, and Z ) 4 {dcalcd ) 1.185
g‚cm-3; µa(Mo KR) ) 0.086 mm-1}. A full hemisphere of
diffracted intensities (æ and ω scans) was measured, using
graphite-monochromated Mo KR radiation on a Nonius Kap-
paCCD single-crystal diffraction system. Lattice constants
were determined with the HKL Scalepack software package
using 10 590 reflections.46 A total of 19 281 integrated reflec-
tion intensities having 2θ(Mo KR) < 60.08° were produced
using the Nonius program Collect.47 Of these, 5726 (4101 >
2σ) reflections were unique and gave Rint ) 0.079. Nonius
SIR9748 and SHELXL-97 software49 were used to solve the
structure using direct methods techniques. Weighted full-
matrix least-squares refinements were conducted using Fo

2

data with the SHELXL-97 software package. Final agreement
factors are R1 ) 0.0423 (unweighted, based on F, I > 2σ); R1

) 0.0668 (unweighted, based on F, all reflections); wR2 )
0.0862 (weighted, based on F2, I > 2σ) and wR2 ) 0.0939
(weighted, based on F2, all reflections)

The structural model incorporated anisotropic thermal
parameters for all nonhydrogen atoms and isotropic thermal
parameters for all hydrogen atoms. The hydrogen atoms were
located from difference Fourier synthesis and refined using a
riding model.

Biological Activity. Functional Assays. The R-SAT
(receptor selection and amplification technology) assay was
performed essentially as previously described.39 Briefly, NIH/
3T3 cells at 70-80% confluency were transfected using Poly-
fect (Qiagen, Los Angeles, CA) as described in the manufac-
turer’s protocols with DNA encoding the human D2 receptor
at 5 ng/well and DNA encoding â-galactosidase at 20 ng/well
of a 96-well plate. After 24 h incubation, saturating amounts
of N-propylapomorphine (0.75-1 µM) were added with or
without PLG or 1 (NPA, pEC50 ) 7.6 ( 0.4, n ) 7). After a
5-day incubation, the â-galactosidase activity was measured
by the addition of o-nitrophenyl â-D-galactopyranoside (in
phosphate-buffered saline with 5% Nonidet P-40 detergent).
The resulting colorimetric reaction was measured with a
spectrophotometric plate reader (Titertek, Huntsville, AL) at
420 nM.

Statistical Analysis. Statistical analysis was performed
using a paired two-tailed Student’s t-test, to assess whether
the NPA response in the presence of 1 or PLG was significantly
different from the NPA response in the media alone as a
control.
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