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The integrin receptor recognition sequence Arg-Gly-Asp was successfully used as a template
from which to develop a series of potent, selective, orally active, peptide-based fibrinogen
receptor antagonists with a long duration of action. Simple modifications centered on the Arg
and Gly residues quickly led to a modified peptide (1) with significantly enhanced ability to
inhibit in vitro platelet aggregation. Substitution of the guanidino group in 1 by piperidine
provided 3, which showed not only a further increase in potency but also a modest degree of
oral efficacy. Finally, exploration of the nature of the C-terminal amino acid, with respect to
its side-chain functionality and the carboxy terminus, yielded a group of molecules that showed
excellent in vitro potency for inhibiting platelet aggregation, excellent integrin selectivity, a
high level of oral efficacy, and an extended duration of action.

Introduction

Coronary, cerebral, and peripheral vascular throm-
botic disorders are together the leading cause of death
in the western world and as such represent a target that
remains ripe for pharmacologic intervention.1 Platelet
aggregation is the central event associated with arterial
thrombus formation and is mediated by the binding of
fibrinogen to its platelet membrane receptor, glycopro-
tein IIb/IIIa (GP IIb/IIIa).2 As exposure of the GP IIb/
IIIa binding sites is the final common event that takes
place during platelet activation regardless of the agonist
involved, blockade of GP IIb/IIIa represents an inter-
vention point that is potentially superior to the inhibi-
tion of individual platelet agonists or the blockade of
their individual platelet receptors.3

The fibrinogen-GP IIb/IIIa interaction is, in part,
mediated by the tripeptide integrin recognition sequence
Arg-Gly-Asp (RGD).4 In recent years a number of cyclic
peptides, peptide mimetics, and nonpeptides containing
or modeled after the RGD sequence have been synthe-
sized, some of which are in development as parenteral
agents.5 Most recently, a number of nonpeptide, orally
active agents have been reported, and several of these
are also undergoing clinical trials.6

There are well-known limitations associated with the
use of peptides as drugs, particularly low oral bioavail-
ability, poor metabolic stability, poor potency, and poor
selectivity. Despite these potential difficulties, the idea
of using the peptide RGD as a template from which to
create an orally active fibrinogen receptor antagonist
through rational modification was explored. This line
of work has led to the discovery of a group of peptide-

based GP IIb/IIIa antagonists that are potent, selective,
and orally active with a duration of action sufficient for
once or twice a day dosing.

Beginning with the tetrapeptide Arg-Gly-Asp-Val
(RGDV), a number of modifications to the peptide
backbone and arginine side chain led quickly to a
modified peptide with substantially enhanced in vitro
potency and antithrombotic efficacy relative to the
parent peptide. These first analogues demonstrated
little or no ex vivo inhibition of platelet aggregation
upon intragastric administration to dogs. Systematic
changes designed to first reduce the polar nature of
these compounds and to then enhance their metabolic
stability led eventually to a new class of fibrinogen
receptor antagonists which still retain a large part of
their peptide character while displaying the same
desirable qualities as many of the recently reported
nonpeptide GP IIb/IIIa antagonists.

Chemistry

The C-terminal amino acids used in the preparation
of 12, 13, and 17, â-(1-decalinyl)alanine, â-(2-decalinyl)-
alanine, and homocyclohexylalanine, respectively, were
prepared by catalytic hydrogenation of the correspond-
ing â-(1-naphthyl)alanine, â-(2-naphthyl)alanine, and
homophenylalanine over 5% rhodium on alumina in
methanol/acetic acid.7 The two â-decalinylalanines were
prepared as mixtures of all possible diastereomers.

(S)-2-Amino-5-cyclohexylpentanoic acid, â-cyclopen-
tylalanine, â-cycloheptylalanine, and â-cyclooctylala-
nine, required for the synthesis of 18-21, were prepared
according to the method of Evans.8 L-Cyclohexylalani-
nol, used in the synthesis of 24, was prepared by the
reduction of the mixed anhydride formed from L-
cyclohexylalanine and ethyl chloroformate with sodium
borohydride.9 6-Guanidinohexanoic acid, used in the
preparation of 1, was prepared from the corresponding
amine using aminoiminomethanesulfonic acid.10
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N-Boc-4-(4-piperidinyl)butyric acid as used in 3 and
5-25 was prepared as shown in Scheme 1. Reaction of
diethyl malonate with 4-vinylpyridine under basic
conditions followed by hydrolysis and decarboxylation
under acidic conditions yielded 4-(4-pyridyl)butyric acid.
Reduction of the aromatic ring over platinum oxide and
subsequent protection with di-tert-butyl dicarbonate
then gave N-Boc-4-(4-piperidinyl)butyric acid.

N-Boc-3-(4-piperidinyl)propionic acid (for 2) and N-Boc-
5-(4-piperidinyl)pentanoic acid (for 4) were prepared by
sequential homologation of N-Boc-piperidine-4-carbox-
aldehyde with methyl triphenylphosphoranylideneac-
etate followed by catalytic hydrogenation and saponi-
fication with base.

Peptides 1-25 were synthesized using solution-phase
chemistry as illustrated in Scheme 2. All R-amino acids
used were of the L-configuration except for D-valine in
5 and D-cyclohexylalanine in 16. The C-terminal amino
acid was purchased or prepared as its benzyl ester for
the synthesis of 1-21. For 22-25, the corresponding
cyclohexylalanine ethyl ester, cyclohexylalaninamide,
cyclohexylalaninol, or 2-aminoethylcyclohexane was
used throughout the syntheses.

The C-terminal amino acid was coupled to N-R-Boc-
aspartic acid-â-benzyl ester via the activated ester
derived from isopropyl chloroformate to give the ap-
propriately protected dipeptide. The N-terminus was
deprotected with trifluoroacetic acid (TFA), and the
dipeptide was coupled to N-R-Boc-N-R-ethylglycine us-
ing similar conditions to give the protected tripeptide.
Prior to coupling, the amino terminus of the dipeptide
was desalted by treating with saturated sodium bicar-

bonate solution. All of the couplings were performed
on the free amine rather than the amine salt.

A second cycle of deprotection and coupling, this time
using bis(2-oxo-3-oxazolidinyl)phosphonic chloride (BOP-
Cl) as the coupling agent in order to accommodate the
more hindered N-R-ethylglycine amine, led to the fully
protected tetrapeptide. In the case of 1, 6-guanidino-
hexanoic acid was used in the last coupling reaction as
its hydrochloride salt. In all other cases N-Boc-4-(4-
piperidinyl)butyric acid was used. Debenzylation of the
aspartic acid side chain and, where required, the C-
terminal carboxylate was accomplished by treatment
with hydrogen over palladium on carbon. Removal of
the last Boc group with TFA then provided the depro-
tected tetrapeptide. All compounds were purified by
reverse-phase HPLC with a gradient system of aceto-
nitrile in water, buffered with 0.1% TFA. Lyophilization
then provided each compound as a fluffy white solid, in
the form of its TFA salt.

Results and Discussion

Compounds 1-25 were assayed for their ability to
inhibit the aggregation of fixed, activated human plate-
lets and to block the binding of radiolabeled fibrinogen
to activated human platelets. To correlate the in vitro
data obtained with human platelets with the ex vivo
data obtained from dogs, a number of compounds were
also assayed for their ability to block the ADP-induced
aggregation of canine platelets. For the series of
compounds described in this paper, there is excellent
agreement in terms of both magnitude and rank order
potency between in vitro results obtained with human
and canine platelets.11

Early work with the peptide RGDV involved system-
atic changes to each of the amide bonds and conserva-
tive side-chain substitutions. This rapidly revealed a
number of modifications which resulted in either reten-
tion or enhancement of in vitro potency with regard to
the inhibition of platelet aggregation. These modifica-
tions included the elimination of the terminal amino
group, replacement of arginine with homoarginine, and
alkylation of the glycine nitrogen.12 Combination and
optimization of these features led to compound 1 (Figure
1). This analogue inhibited platelet aggregation with
an IC50 of 470 nM and abolished cyclic flow reductions

Scheme 1. Synthesis of N-Boc-piperidine-4-carboxylic
Acida

a (a) NaH, EtOH, 80 °C, 0.5 h; (b) 4-vinylpyridine, 80 °C, 3 h;
(c) 20% HCl/H2O, 100 °C, 16 h; (d) H2, 5 wt % PtO2, 95:5 MeOH/
AcOH, 55 psi, 16 h; (e) 1:1 1 N NaOH/THF, Boc2O, 0 °C to rt,
16 h.

Scheme 2. Synthesis of Compounds 1-25a

a (a) Isopropyl chloroformate, N-methylpiperidine, CH2Cl2, rt, 16 h, 80-90%; (b) 1:3 TFA/CH2Cl2, 0 °C, 2 h, then saturated NaHCO3,
100%; (c) 6-guanidinohexanoic acid (for 1), N-R-Boc-3-(4-piperidinyl)propionic acid (for 2). N-R-Boc-4-(4-piperidinyl)propionic acid (for 3
and 5-25), N-R-Boc-5-(4-piperidinyl)propionic acid (for 4); (d) BOP-Cl, NEt3, CH2Cl2, 0 °C, 14 h, 70-80%; (e) H2, 25 wt % 10% Pd-C, 9:1
MeOH/AcOH, 55 psi, 24 h, 95%.
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in a canine model13 of coronary artery occlusion upon
parenteral administration of a bolus dose of 30 µg/kg
followed by an infusion of 3 µg/kg/min for 60 min.
However, following intragastric administration at 10
mg/kg no significant inhibition of ex vivo platelet
aggregation was observed.

An assumption was made that the major barrier
limiting the oral efficacy of 1 was likely to be poor
gastrointestinal absorption owing to the very polar and
highly charged nature of the molecule (log D ) -4, pH
7.4). In the small intestine, where most of the absorp-
tion of the drug would be likely to take place, at a pH
of between 6 and 8, the guanidino group of 1 (pKa )
12.5) as well as both carboxylic acids (pKa ) 4.3, Asp
side chain, and 3.8, C-terminus) should be fully ionized.
To decrease the polar nature of 1, a prodrug strategy
was first attempted, involving various esters of one or
both of the carboxylic acids. This approach was uni-
formly unsuccessful. Attention was then focused on the
basic guanidino group. Previously14 it was demon-
strated that replacement of the guanidine of the argi-
nine side chain in peptide analogues of RGDV with basic
heterocycles, such as piperidine and imidazole, improves
in vitro antiaggregatory activity. Piperidine-containing
analogues had proven to be the most potent of these and
have successfully been applied to nonpeptide GP IIb/
IIIa antagonists.15 Accordingly, the guanidino group of
1 was replaced with a piperidine ring, and the chain
length used to connect this ring to the N-R-ethylglycine
residue was optimized (Table 1).

Compound 3 was almost 20-fold more potent than 1.
More importantly, upon intragastric administration at

10 mg/kg, 3 inhibited both ADP- and collagen-induced
ex vivo platelet aggregation by more than 50% for at
least 6 h (Figure 2). Replacing the guanidino group with
piperidine made a significant difference, in terms of both
in vitro potency and oral efficacy. The explanation for
the improved oral efficacy displayed by 3 may simply
lie in its enhanced potency relative to 1. However,
analogues of some of the compounds presented in this
paper were prepared that contain a benzamidine in
place of guanidine, and these also showed a dramatic
improvement in potency but were not as effective orally
when compared with those that contain piperidine.16

Differences in the physical properties of piperidine
relative to guanidine with regard to basicity (pKa
piperidine ) 11.3, pKa guanidine ) 12.5), lipophilicity
(log D 3 ) -2.3, log D 1 ) -4.0 at pH 7.4), and
localization of the positive charge may also play a role
in enhancing oral efficacy.

Attention was next focused on some of the other
factors that may hinder the oral efficacy of this group
of compounds, notably the enzymatic degradation of the
natural Asp-Val peptide bond that still made up the
right-hand half of these RGDV analogues. It was
reasoned that the replacement of the C-terminal valine
residue with another, nonproteogenic amino acid might
allow for increased metabolic stability and possibly
enhanced absorption across the gastrointestinal tract.
To test this hypothesis, analogues 5 and 7 (Table 2) were
prepared. The C-terminal phenylalanine derivative 6
was prepared for comparison with the cyclohexylalanine
analogue 7.

The D-valine analogue of 3, compound 5, shows a
dramatic drop in in vitro potency. The L-phenylalanine
analogue 6 shows about the same level of in vitro
potency as 3 but has a much smaller effect on ex vivo
platelet aggregation following intragastric administra-
tion. This was presumed to be due to enhanced degra-
dation by digestive enzymes in the gut (vide infra).
Conversely, 7, with the unnatural cyclohexylalanine
residue at the C-terminus, not only provides the same
level of in vitro potency as 3 but also shows an
impressive increase in oral efficacy. Figure 2 shows a
comparison of the inhibition of ex vivo platelet aggrega-
tion following intragastric dosing of 3, 6, and 7 at 10
mg/kg. This result supported the hypothesis that an
unnatural peptide bond (Asp-Cha) at the carboxy
terminus might show enhanced oral efficacy. Attention
was therefore focused on the preparation of a number
of analogues with a variety of unnatural C-terminal
amino acids, resulting first in the synthesis of com-
pounds 8-13.

Unnatural amino acids with simple alkyl side chains,
such as norleucine and tert-butylalanine, provided
compounds 8 and 9, respectively. These analogues, in
addition to a 3-5-fold decrease in in vitro potency
relative to 7, displayed significantly worse oral efficacy
than the cyclohexylalanine analogue. These two com-

Figure 1. Early modifications to the peptide RGDV.

Figure 2. Effect of different C-terminal amino acids on oral
efficacy (10 mg/kg ig).

Table 1. Optimization of Chain Length
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pounds performed similarly to the valine-containing
analogue 3 when administered intragastrically at a dose
of 10 mg/kg (data not shown). Unnatural amino acids
with aryl side chains, for example, â-(1-naphthyl)-
alanine (10) and â-(2-naphthyl)alanine (11), also pro-
vided analogues with in vitro potencies several times
worse than that of 7, as well as poorer oral efficacy.
These two compounds exhibited oral efficacies similar

to that of the phenylalanine analogue 6 when given at
the same doses (data not shown).

To examine the susceptibility of some of these com-
pounds to proteolytic degradation, 7, 8, and 10 were
incubated with carboxypeptidase A and the rates of
degradation measured (Table 3). Cyclohexylalanine
analogue 7 was significantly more resistant to degrada-
tion than the other compounds. The fact that this

Table 2. In Vitro Activity
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compound also displays enhanced oral efficacy is con-
sistent with the hypothesis that digestive enzymes in
the gut are at least partially responsible for the lesser
degree of oral efficacy shown by compounds such as 3
and 6 relative to 7.

The saturated versions of 10 and 11, which incorpo-
rate â-(1-decalinyl)alanine (12) and â-(2-decalinyl)-
alanine (13) at the carboxy terminus, were prepared
next and showed oral efficacy similar to 7. A compari-
son of the oral efficacy observed for the analogues
containing naphthylalanines relative to those containing
decalinylalanines (10 vs 12 and 11 vs 13) mirrors what
was observed for the two derivatives containing pheny-
lalanine and cyclohexylalanine (6 vs 7). Thus it ap-
peared as though placing unnatural amino acids that
contain cyclic, nonplanar side chains at the C-terminus
might offer the quickest route to compounds that display
good levels of oral efficacy. Despite the good levels of
activity shown by 12 and 13, it was decided that in order
to avoid the complication of introducing new chiral
centers into the molecule at the C-terminal amino acid
side chain, work would be confined to amino acids with
simple carbocyclic side chains.

The spacing between the carbocycle at the C-terminus
and the peptide backbone was the first issue to be
examined, via the synthesis of compounds 14-18. The
analogues which incorporated either 1-amino-1-cyclo-
hexanecarboxylic acid (14) or D-cyclohexylalanine (16)
were 130 and 53 times less potent than 7 in vitro and
were not examined further. Cyclohexylglycine (15),
cyclohexylalanine (7), homocyclohexylalanine (17), and
(S)-2-amino-5-cyclohexylpentanoic acid (18) all provided
analogues with similar levels of in vitro potency, but
very different levels of oral efficacy. Thus while the
ability to block in vitro platelet aggregation is generally
not affected when the distance between the cyclohexyl
ring of the C-terminal side chain and the peptide
backbone is varied between zero and four carbons, the
ability to block ex vivo platelet aggregation can be
dramatically affected (Figure 3). Oral efficacy signifi-
cantly increases as the distance is increased from zero

to two carbon atoms and falls off with the addition of
another methylene group. Compound 17 can block ex
vivo platelet aggregation by 50% or greater for 24 h
following a single dose of 1 mg/kg ig.

The issue of ring size was examined next. This was
accomplished by the synthesis of the five-, seven-, and
eight-membered ring homologues of cyclohexylalanine
and the preparation of compounds 19-21. The five-,
six-, seven-, and eight-membered ring-containing ana-
logues all differ in their in vitro potencies by less than
a factor of 3. Relative to cyclohexylalanine analogue 7,
the level of oral efficacy demonstrated by the compound
which contains a smaller ring (19) is somewhat dimin-
ished, while the efficacy of those compounds containing
a larger ring is enhanced (Figure 4). As with the
spacing of the carbocycle in the C-terminal amino acid
side chain, ring size has a minimal effect on receptor
binding and consequently on in vitro activity. Both of
these factors have a much more significant effect on
determining the degree of oral efficacy and the level of
ex vivo activity shown by this group of fibrinogen
receptor antagonists. This may be explained by differ-
ences in the absorption, metabolism, and clearance of
members of this class of compounds, but as of yet no
definitive answers are available.

One last detail that was examined was the nature of
the C-terminal carboxylic acid. It was known from
previous work that the presence of this functional group
was not mandatory for maintaining in vitro potency, and
therefore it seemed reasonable to explore variations at
this position and observe the effect these modifications
might have on oral efficacy. As shown by compounds
22-25, all of which are direct analogues of 7, replacing
the terminal carboxylic acid with an ester, amide,
alcohol, or proton decreases in vitro potency between
2- and 5-fold. However, only the acid 7, ester 22, and
amide 23, all of which include a carbonyl-containing
functional group at the C-terminus, show any degree
of oral efficacy (Figure 5). The carboxamide was the
most efficacious of these. Neither 24 nor 25 showed any
significant ex vivo activity when given at a dose of 5
mg/kg ig.

Selectivity. Glycoprotein IIb/IIIa is a member of the
integrin superfamily of cell surface receptors and as
such shares common elements with a number of other
physiologically important members of this group.17

Selectivity for binding to the platelet fibrinogen receptor
relative to other, sometimes closely related integrin
receptors may therefore be of some concern during the
development of fibrinogen receptor antagonists.

Table 3. Degradation of Selected Compounds by
Carboxypeptidase A

compd
rate of degradation

(nmol/min/unit of enzyme)

7 0.6
8 7.4

10 3.1

Figure 3. Effect of distance on oral efficacy (1 mg/kg ig).

Figure 4. Effect of ring size on oral efficacy (1 mg/kg ig).
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Compounds 7, 17, and 23 were evaluated for their
ability to block the adhesion of human umbilical vein
endothelial cells (HUVEC) to plates coated with the
adhesive glycoproteins fibrinogen, vitronectin, and fi-
bronectin, relative to their ability to block the interac-
tion of fibrinogen and GP IIb/IIIa. HUVEC express the
vitronectin receptor, which shares an identical â-subunit
with GP IIb/IIIa. This then offers an opportunity to
gauge the selectivity that has been achieved for GP IIb/
IIIa over another closely related integrin receptor.18 The
snake venom protein echistatin, which is nonselective
for these two receptors, was used as a control. RGDS
was also evaluated as a comparison to demonstrate how
the selectivity of this new class of fibrinogen receptor
antagonists compares to a classic RGD-containing pep-
tide. As shown in Table 4, this new class of compounds
is between 30 000 times and 90 000 times more selective
for GP IIb/IIIa than for the vitronectin receptor and
offers a significant enhancement over both the potent
RGD-containing protein echistatin and the small pep-
tide RGDS.

Conclusion
We have demonstrated that the rational and system-

atic modification of small RGD-containing peptides can
yield a group of derivatives that retain much of their
peptide character but avoid some of the problems

inherent in the use of small peptides as drugs. These
include poor oral efficacy, poor in vitro potency, and poor
selectivity.

A number of features present in this new class of
fibrinogen receptor antagonists appear to play a major
role in enhancing both potency and oral efficacy. This
has allowed for the development of a structure-oral
activity relationship for this set of compounds (see
Figure 6). Two of the most notable of these character-
istics are the alkylation of the glycine nitrogen in RGDV
and the replacement of the guanidino group of the
arginine side chain with a piperidine ring.

With respect to the alkylation of the glycine nitrogen,
direct analogues of 7 containing either glycine or sar-
cosine in place of N-ethylglycine were prepared. The
IC50 values for these compounds for the inhibition of in
vitro platelet aggregation were 3.9 and 0.1 µM, respec-
tively, compared to 0.026 µM for 7. In addition, the
glycine-containing analogue of 7, when administered to
dogs intragastrically at a dose of 5 mg/kg, resulted in
an average maximal inhibition of ex vivo aggregation
of only 17%, after 1 h. The increase in potency, along
with the changes in the conformation of the peptide that
are likely to be brought about by alkylation of the amide
bond, may both play some role in the enhanced oral
efficacy shown by the N-alkylated derivatives. Like-
wise, replacement of guanidine with piperidine also
dramatically enhances both potency and oral efficacy
(compare 1 and 3). This effect on oral efficacy may
again be due to the dramatic enhancement in potency
but also may be due in part to the differences in the
physical characteristics of piperidine and guanidine.

In any case, replacement of guanidine by piperidine
or alkylation of the glycine nitrogen alone is not enough
to appreciably improve upon the oral efficacy of the
parent peptide. It is only when these two modifications
are combined that a significant enhancement is ob-
served, as illustrated by the four compounds in Table
5.

Further, our results suggest that it is the nature of
the C-terminal amino acid that provides the most useful
handle for fine-tuning oral efficacy. We demonstrate
that the C-terminal amino acid is best chosen from
among a group of select nonproteogenic amino acids of

Table 4. Selectivity for Platelet Fibrinogen Receptor vs HUVEC Vitronectin Receptor

IC50 for HUVEC adhesion (µM) to plates coated withIC50 for inhibition of fixed
platelet aggregation (µM) fibrinogen vitronectin fibronectin

7 0.026 1012 >1650 >1750
17 0.031 1930 >2500 >2400
23 0.097 >2350 >2400 >2400
RGDS 82.0 3.5 22.7 >250
echistatin 0.020 0.0033 0.0125 0.042

Figure 5. Effect of varying the C-terminal carboxylic acid on
oral efficacy (5 mg/kg ig).

Figure 6. Structure-oral activity relationships for peptide-based fibrinogen receptor antagonists.
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the L-configuration. This modification yields RGD-
based analogues which are less prone to proteolytic
degradation than ones containing either natural L-
amino acids or structurally related unnatural L-amino
acids at the C-terminus.

The specific features of the C-terminal amino acid
which play a role in the generation of orally active
compounds include (1) the side-chain functionality,
where a nonplanar carbocycle is preferred, (2) the
spacing between the carbocycle and the peptide back-
bone, (3) the ring size, and (4) the presence of a carbonyl-
containing functional group at the C-terminus. All of
the features that contribute to the potency and oral
efficacy of this new peptide-based class of fibrinogen
receptor antagonists are illustrated in Figure 6. This
series represents an excellent starting point for the
selection of a clinically useful, orally active fibrinogen
receptor antagonist.

Experimental Section
In Vitro Platelet Aggregation Studies. Blood was

obtained from human volunteers, all of whom had been free
of any medications for at least 14 days prior to blood donation.
In all cases the first 1-2 mL of blood obtained were discarded
in order to avoid the traces of thrombin that have been shown
to be generated during venipuncture. The remainder of each
blood sample was mixed with 10% of its volume of a 3.8%
sodium citrate solution. Gel-filtered platelets were isolated
following the procedures of Marguerie19a and Ruggeri.19b For
the preparation of fixed, activated platelets, washed platelets
were activated with human R-thrombin (Enzyme Research
Laboratory, South Bend, IN) at a final concentration of 1 U/mL
for 2 min at room temperature, followed by the addition of the
thrombin inhibitor I-2581 (Kabi, Pharmacia Harper, Franklin,
OH) at a final concentration of 20 µM. To the activated
platelets was added paraformaldehyde (Sigma) to a final
concentration of 0.5%, and the whole was incubated for 30 min
at room temperature. The fixed, activated platelets were then
collected by centrifugation at 650g for 15 min. Platelet pellets
were washed four times with Tyrode’s-HSA buffer and resus-
pended to 2 × 108 cells/mL in the same buffer.

Platelet aggregation was performed using fixed, activated
platelets according to the turbidometric method of Born.20

Various doses of a given compound were incubated with 0.4

mL of platelet suspension for 1 min, and aggregation was
initiated by the addition of fibrinogen (Calbiochem) to a final
concentration of 250 µg/mL (0.72 µM). A platelet aggregation
profiler model PAP-4 (Bio Data, Hatsboro, PA) was used to
record platelet aggregation. Inhibition of aggregation was
expressed as the percent of the rate of aggregation in the
presence of antagonists compared to that observed in the
absence of antagonists. The IC50’s were then calculated for
each compound.21

Competitive [125I]Fibrinogen Binding Studies. Fibrino-
gen (Kabi, Stockholm, Sweden) was purified according to
Hawiger and Timmons22a and radioiodinated using a modifica-
tion of the procedure of Fraker and Speck.22b Competitive
binding assays were performed according to Hawiger and
Timmons22a with minor modifications. Reactions were carried
out in duplicate in Tyrode’s buffer with 1 × 108 platelets/mL,
100 nM [125I]fibrinogen, and either 100 µM TRAP (SFLLRN-
NH2) (Peninsula Laboratories, Belmont, CA) or 10 µM ADP.
When inhibitors of [125I]fibrinogen binding were tested, both
inhibitor and [125I]fibrinogen were added prior to agonist
addition. Following a 30-min incubation at room temperature,
the reaction mixtures were layered onto a 20% sucrose cushion
and centrifuged at 10000g for 3 min. The reaction tubes were
frozen with liquid N2 and the tips of each tube clipped off and
counted in a γ-counter.

Ex Vivo Platelet Aggregation Studies. Compounds were
dissolved in deionized water and were administered to mongrel
dogs of either sex by intragastric gavage via an intragastric
feeding tube. Venous blood samples (4.5 mL) for measuring
ex vivo platelet aggregation were obtained 10 min before
administration of compound and at 1, 3, 6, 12, and 24 h after
administration of compound. The 6-, 12-, and 24-h blood
samples were obtained only if substantial (>50%) inhibition
of ex vivo platelet aggregation was measured from samples
obtained at the earlier time points. Each blood sample was
collected directly into a plastic syringe containing 0.5 mL of
3.8% trisodium citrate.

Blood samples were centrifuged at 150g for 10 min to obtain
platelet-rich plasma (PRP). After removal of the PRP the
sample was centrifuged for an additional 10 min at 1500g to
obtain platelet-poor plasma (PPP). Platelet count in the PRP
was determined by using a Coulter counter (Coulter Electron-
ics, Hialeah, FL). If the concentration of platelets in the PRP
was greater than 300 000 platelets/µL, then the PRP was
diluted with PPP to adjust the platelet count to 300 000
platelets/µL. Aliquots of PRP (250 µL) were then placed in
siliconized glass cuvettes (Bio/Data Corp., Horsham, PA) and

Table 5. Effect of Single vs Combined Structural Modifications
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incubated at 37 °C for 3 min while being stirred at 1200 rpm.
Epinephrine (final concentration of 1 µM) was then added to
the PRP, which was incubated for 1 min at 37 °C. The platelet
agonist ADP (final concentration of 10 µM) was then added to
the PRP. Platelet aggregation was monitored spectrophoto-
metrically using a light transmission aggregometer (Bio/Data
platelet aggregation profiler model PAP-4, Bio/Data Corp.).
The rate of change (slope) of light transmittance was recorded
in duplicate. Platelet aggregation data are reported as the
percent decrease in the rate of aggregation as compared to data
obtained from control PRP (obtained prior to administration
of test compound). Results reported are mean values from at
least two dogs for each dose of a given compound.

Selectivity Studies. Human umbilical vein endothelial
cells (Clonetics, CA) between passages 4 and 7 were used for
this assay.23 Harvested monolayer cells were transferred to
the wells of microtiter plates that were preincubated for 16 h
at room temperature with 0.1 mL/well of either 1.5 µg/mL
human fibrinogen (Calbiochem), 3 µg/mL human fibronectin
(Calbiochem), or 0.9 µg/mL human vitronectin (Calbiochem).
Each well received 20 000 cells, which were allowed to adhere
to the ligand-coated plates in the presence of RGDS (Bachem
Bioscience, PA), echistatin (Peninsula Laboratories, CA), or
one of the newly synthesized compounds for 75 min in a tissue
culture incubator.

The adherent cells were quantitated by measuring the
endogenous hexosaminidase activity spectrophotometrically at
405 nm using p-nitrophenyl-N-acetyl-â-D-100 (Sigma) as the
substrate. The percent inhibition of cell attachment was
determined and an IC50 calculated.

Degradation of Compounds by Carboxypeptidase A.
A suspension of carboxypeptidase A (CPA; bovine pancreas,
Sigma) was diluted with enough 5% lithium chloride solution
to provide a solution containing 2.0 U/mL CPA. The activity
of the solution was measured using hippuryl-L-phenylalanine
(Sigma; 1 unit of activity of CPA is defined as the amount that
will hydrolyze 1 µM of hippuryl-L-phenylalanine in 1 min at
25 °C). A 1.0 mM solution of each substrate to be tested was
prepared in 0.05 M Tris buffer (Sigma) containing 1.0 M
sodium chloride (pH ) 7.5).

Incubations with CPA were conducted as follows. Each
substrate solution (2.0 mL) was combined with CPA solution
(1.0 mL) in glass vials to give a total of 2.0 µM substrate with
2.0 units of CPA. Incubations were carried out at room
temperature for 60 min. Hydrolysis of the substrate was
monitored by HPLC at 9-min intervals. The rate of hydrolysis
of each substrate was calculated and normalized to 1 unit of
CPA.

Chemistry. All amino acids, solvents and other reagents
were used as received from commercial sources without
additional purification. Proton NMRs were recorded on a
Bruker ARX 300-MHz spectrometer. Mass spectra were
obtained from a Varian VG-70SE spectrometer. Preparative
reverse-phase HPLC was performed with a Rainin SD-1
Dynamax system and a 2-in. C-18 reverse-phase Dynamax 60A
column using a gradient of 20% acetonitrile/0.1% TFA in water
to 100% acetonitrile and a flow rate of 50 mL/min. Analytical
reverse-phase HPLC was performed with a Rainin HPX
system and an analytical C-18 reverse-phase Dynamax 60A
column using the same gradient system used for preparative
work and a flow rate of 1 mL/min. Work up means drying
over magnesium sulfate, filtering, and concentrating in vacuo.

Compounds 1-25 were obtained as hygroscopic solids
following lyophilization after final reverse-phase HPLC puri-
fication. Consequently, elemental analysis was not obtained
for these compounds, and purity was gauged by analytical
reverse-phase HPLC of the lyophilized samples using the
gradient system described above. Retention time (tR) in this
system and area percent (A%) are given for each compound.

N-Boc-piperidine-4-carboxaldehyde. To a solution of
piperidine-4-carboxylic acid (10 g, 77.5 mmol) and potassium
carbonate (21.4 g, 155 mmol) in 150 mL of water was added
di-tert-butyl dicarbonate (16.9 g, 77.5 mmol) as a solution in
tetrahydrofuran (THF), dropwise via addition funnel at 0 °C.

The reaction mixture was allowed to come to room temperature
and stirred for 4 h. THF was removed in vacuo, and the
aqueous phase was washed with ether, brought to pH ) 2 with
1 N hydrochloric acid (HCl), and extracted with ethyl acetate.
The combined organic extracts were worked up to provide
N-Boc-piperidine-4-carboxylic acid (17.4 g, 98%) as a white
solid.

To a solution of N-Boc-piperidine-4-carboxylic acid (8 g, 35
mmol), N,O-dimethylhydroxylamine hydrochloride (3.4 g, 35
mmol), and triethylamine (9.8 mL, 70 mmol) in 50 mL of
dimethylformamide (DMF) was added bis(2-oxo-3-oxazolidi-
nyl)phosphinic chloride (BOP-Cl) (8.9 g, 35 mmol) in a single
portion at 0 °C. The reaction mixture was allowed to come to
room temperature and stirred for 16 h. The reaction mixture
was diluted with ethyl acetate and washed with water, 1 N
HCl, saturated sodium bicarbonate, and brine. The organic
layer was worked up to give the N,O-dimethylhydroxamide of
N-Boc-piperidine-4-carboxylic acid as a white solid (6.2 g, 65%).

All of the amide from above was dissolved in 100 mL of THF,
and lithium aluminum hydride (LAH; 114 mL of a 1 M solution
in THF) was added slowly via syringe at room temperature.
Stirring was continued for 5 h at room temperature. Excess
LAH was quenched by the careful addition of 1 N HCl. Solvent
was removed in vacuo and the residue taken up in ethyl
acetate and washed with water and brine. The organic layer
was worked up to give N-Boc-piperidine-4-carboxaldehyde
(19.8 g, 87%) as a light-yellow oil that was used without
purification. NMR (CDCl3): δ 9.8 (s, 1H), 4.0 (m, 2H), 2.8 (m,
2H), 1.9 (br s, 1H), 1.7 (m, 2H), 1.4 (s, 9H), 1.2 (m, 2H).

N-Boc-3-(4-Piperidinyl)propionic Acid. A solution of
N-Boc-piperidine-4-carboxaldehyde (3.5 g, 16.4 mmol) and
methyl triphenylphosphoranylideneacetate (5.5 g, 16.4 mmol)
in 50 mL of chloroform was heated at reflux for 16 h. After
cooling, solvent was removed in vacuo and the residue taken
up in ether and filtered. The filtrate was concentrated in vacuo
and subjected to flash chromatography (10% ethyl acetate in
hexanes) to give methyl N-Boc-3-(4-piperidinyl)acrylate (3.6
g, 81.5%).

A solution of this acrylate (1.7 g, 6.4 mmol) in 25 mL of
methanol containing 10% palladium on carbon (170 mg, 10
wt %) was shaken under a positive pressure of hydrogen (Parr
shaker, 55 psi) for 24 h. Catalyst was removed by filtration
through Celite and the filtrate concentrated in vacuo to give
methyl N-Boc-3-(4-piperidinyl)propionate (1.7 g, 100%).

All of the methyl propionate was dissolved in 25 mL of a
solution consisting of 2 parts methanol to 1 part 1 N sodium
hydroxide and allowed to stir for 30 min at room temperature.
The reaction mixture was brought to pH 2 with 1 N HCl and
extracted with ethyl acetate. The combined organic extracts
were worked up to provide N-Boc-3-(4-piperidinyl)propionic
acid (1.5 g, 91%) as a white solid that was used without any
further purification. NMR (CDCl3): δ 4.1 (m, 2H), 2.7 (m, 2H),
2.3 (t, J ) 7.0 Hz, 2H), 1.7 (m, 3H), 1.4 (s, 9H), 1.3 (m, 2H),
1.0 (m, 2H).

N-Boc-5-(4-piperidinyl)pentanoic Acid. N-Boc-3-(4-pi-
peridinyl)propionic acid was subjected to the same sequence
of reactions described above to provide this two-carbon homo-
logue. NMR (CDCl3): δ 4.1 (m, 2H), 2.6 (m, 2H), 2.2 (t, J )
7.5 Hz, 2H), 1.7 (m, 5H), 1.4 (s, 9H), 1.2 (m, 2H), 0.8 (m, 2H).

4-(4-Pyridyl)butyric Acid. Sodium hydride (8.4 g, 0.21
mol) was added portionwise to 200 mL of absolute ethanol.
Diethyl malonate (72 g, 0.44 mol) was added, and the solution
was heated to 80 °C for 30 min and cooled to room tempera-
ture. 4-Vinylpyridine (20 g, 0.19 mol) was added and the
resulting solution heated at 80 °C for 3 h. The solution was
evaporated in vacuo and the residue dissolved in 200 mL of
20% HCl and heated at reflux for 16 h. Solvent was removed
in vacuo and the residue taken up in hot methanol and filtered.
The filtrate was evaporated to give 4-(4-pyridyl)butyric acid
as a white solid (20.2 g, 64.5%). NMR (CD3OD): δ 8.85 (d, J
) 6.0 Hz, 2H), 8.05 (d, J ) 6.0 Hz, 2H), 3.05 (t, J ) 8.6 Hz,
2H), 2.45 (t, J ) 8.6 Hz, 2H), 2.05 (m, 2H).

N-Boc-4-(4-piperidinyl)butyric Acid. 4-(4-Pyridyl)bu-
tyric acid (19 g, 0.11 mol) was dissolved in 100 mL of methanol
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and 5 mL of acetic acid. Platinum oxide (1 g, 0.004 mol) was
added and the suspension placed on a Parr shaker under a
positive pressure of hydrogen (50 psi) for 16 h. The reaction
mixture was filtered through Celite and concentrated under
reduced pressure to give a white solid. This solid was dissolved
in 150 mL of 1 N sodium hydroxide and cooled to 0 °C. To
this was added di-tert-butyl dicarbonate (27.6 g, 0.125 mol) in
100 mL of THF, dropwise via addition funnel. The reaction
mixture was allowed to come to room temperature and stirred
for 16 h. THF was removed in vacuo, and the remaining
aqueous phase was washed with ether. The aqueous phase
was carefully acidified with 1 N HCl and extracted with ethyl
acetate. The combined organic extracts were washed with
water, dried over sodium sulfate, filtered, and concentrated
in vacuo to give N-Boc-4-(4-piperidinyl)butyric acid (29.2 g,
98%) as a white solid. This material was used without any
additional purification. NMR (CDCl3): δ 2.73 (t, J ) 8.6 Hz,
2H), 2.35 (t, J ) 8.6 Hz, 2H), 1.75 (m, 4H), 1.44 (s, 9H), 1.42
(m, 4H), 1.03 (m, 2H).

Representative Peptide Synthesis. Compounds 1-25
were all prepared using the same general procedure, given
here for 3, substituting the appropriate amino acids. All
compounds were isolated as their trifluoroacetate salts after
HPLC purification and were tested as such. Purity of final
products was determined by analytical reverse-phase HPLC
(20% acetonitrile/0.1% TFA in water to 100% acetonitrile
gradient, run over 30 min at 1 mL/min).

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-va-
line (3). To a solution of N-Boc-L-aspartic acid â-benzyl ester
(1.79 g, 5.53 mmol) in 20 mL of methylene chloride (CH2Cl2)
was added N-methylpiperidine (0.64 mL, 5.27 mmol) in a
single portion at 0 °C. Isopropyl chloroformate (0.6 g, 5.27
mmol) was added as a 1 M solution in toluene, dropwise via
syringe at 0 °C. Stirring was continued for 2 min at 0 °C, and
a solution containing L-valine benzyl ester (1.1 g, 5.27 mmol)
and N-methylpiperidine (0.64 mL, 5.27 mmol) in 5 mL of CH2-
Cl2 was added in a single portion. The reaction mixture was
allowed to come to room temperature and stirred for 16 h.
Solvent was removed in vacuo and the residue partitioned
between ethyl acetate (300 mL) and 1 N HCl (75 mL). The
aqueous layer was discarded and the organic phase further
washed sequentially with 1 N HCl (2 × 75 mL), water (1 × 75
mL), saturated sodium bicarbonate (3 × 75 mL), and brine (1
× 75 mL). Work up provided N-Boc-â-benzyl-aspartyl-valine
benzyl ester as a colorless oil that was used without purifica-
tion (2.57 g, 95.5%). NMR (CDCl3): δ 7.32 (s, 10H), 7.05 (m,
1H), 5.72 (m, 1H), 5.15 (q, J ) 12.8, 24.4 Hz, 2H), 5.05 (s, 2H),
4.50 (m, 2H), 3.01 (dd, J ) 17.1, 4.3 Hz, 1H), 2.68 (dd, J )
17.1, 6.8 Hz, 1H), 2.18 (septet, 1H), 1.42 (s, 9H), 0.88 (d, J )
7.3 Hz, 3H), 0.83 (d, J ) 7.3 Hz, 3H).

To a solution of N-Boc-â-benzyl-aspartyl-valine benzyl ester
(2.57 g, 5.02 mmol) in 36 mL of CH2Cl2 was added TFA (12
mL) over 2 min at 0 °C. Stirring was continued at 0 °C for 2
h. Solvents were removed in vacuo, and the residue was
partitioned between ethyl acetate (200 mL) and saturated
sodium bicarbonate (75 mL). The aqueous phase was dis-
carded, and the organic layer was washed twice more with
saturated sodium bicarbonate (75 mL) and worked up to give
â-benzyl-aspartyl-valine benzyl ester (1.69 g, 81.6%). This
material was coupled directly to Boc-N-ethylglycine using a
procedure identical to the one given above to provide, after
flash chromatography (30% ethyl acetate/hexanes), N-Boc-N-
ethylglycyl-â-benzyl-aspartyl-valine benzyl ester as a colorless
oil (1.88 g, 62.6%). NMR (CDCl3): δ 7.31 (m, 1H), 7.29 (s,
10H), 7.07 (m, 1H), 5.12 (q, J ) 27.4, 12.8 Hz, 2H), 5.10 (s,
1H), 4.85 (m, 1H), 4.48 (dd, J ) 7.7, 4.3 Hz, 1H), 3.83 (s, 2H),
3.30 (m, 2H), 3.00 (m, 1H), 2.63 (dd, J ) 17.1, 6.85 Hz, 1H),
2.17 (septet, 1H), 1.45 (s, 9H), 1.09 (t, J ) 6.4 Hz, 3H), 0.88
(d, J ) 6.4 Hz, 3H), 0.83 (d, J ) 6.4 Hz, 3H).

The terminal amine of N-Boc-N-ethylglycyl-â-benzyl-aspar-
tyl-valine benzyl ester was deprotected with TFA as described
above to give N-ethylglycyl-â-benzyl-aspartyl-valine benzyl
ester as a colorless oil (1.49 g, 95%) which was used without
any purification.

To a solution of N-Boc-4-(4-piperidinyl)butyric acid (0.89 g,
3.26 mmol) in CH2Cl2 (15 mL) was added triethylamine (0.46
mL, 3.26 mmol) in a single portion at 0 °C. BOP-Cl (0.84 g,
3.26 mmol) was added in a single portion at 0 °C, and the
reaction mixture was allowed to stir for 30 min at 0 °C. A
solution of N-ethylglycyl-â-benzyl-aspartyl-valine benzyl ester
(1.49 g, 3.00 mmol) in 5 mL of CH2Cl2 was added, followed by
triethylamine (0.46 mL, 3.26 mmol). The reaction mixture was
allowed to warm to room temperature and stirred for 16 h.
Solvent was removed in vacuo and the residue partitioned
between ethyl acetate (300 mL) and 1 N HCl (75 mL). The
aqueous layer was discarded and the organic phase further
washed sequentially with 1 N HCl (2 × 75 mL), water (1 × 75
mL), saturated sodium bicarbonate (3 × 75 mL), and brine (1
× 75 mL). The organic phase was then subjected to workup
to provide, after flash chromatography (75% ethyl acetate/
hexanes), the fully protected tetrapeptide N-Boc-4-(4-piperidi-
nyl)butanoyl-N-ethylglycyl-â-benzyl-aspartyl-valine benzyl es-
ter as a colorless oil (1.76 g, 74.4%). NMR (CDCl3): δ 7.41
(m, 1H), 7.32 (s, 10H), 7.15 (m, 1H), 5.15 (m, 4H), 4.80 (m,
1H), 4.45 (m, 1H), 4.00 (m, 4H), 3.35 (m, 2H), 3.10 (m, 2H),
2.60 (m, 3H), 2.30 (m, 2H), 2.15 (m, 1H), 1.60 (m, 6H), 1.41 (s,
9H), 1.10 (m, 6H), 0.80 (m, 6H).

The tetrapeptide was deprotected as follows. N-Boc-4-(4-
piperidinyl)butanoyl-N-ethylglycyl-â-benzyl-aspartyl-valine ben-
zyl ester (1.76 g, 2.34 mmol) was dissolved in 100 mL of a 1:1
mixture of methanol and acetic acid; 10% palladium on carbon
(0.5 g) was added, and the reaction mixture was shaken under
a positive pressure of hydrogen (Parr shaker, 45 psi) for 16 h.
Catalyst was removed by filtration of the reaction mixture
through Celite, and the filtrate was concentrated in vacuo to
give N-Boc-4-(4-piperidinyl)butanoyl-N-ethylglycyl-aspartyl-
valine as a colorless oil. The N-terminus of this material was
deblocked using TFA, as described above, to give 4-(4-piperidi-
nyl)butanoyl-N-ethylglycyl-aspartyl-valine. Final purification
was achieved via reverse-phase HPLC (acetonitrile/water
gradient). Final product was obtained by lyophilization to a
fluffy white amorphous solid (1.14 g, 83.2%). NMR (D2O): δ
4.10 (m, 3H), 3.90 (s, 1H), 3.30 (q, J ) 8.6 Hz, 2H), 3.20 (m,
2H), 2.75 (m, 4H), 2.33 (t, J ) 8.3 Hz, 2H), 2.12 (m, 1H), 2.06
(q, J ) 8.1 Hz, 1H), 1.80 (m, 2H), 1.45 (m, 2H), 1.20 (m, 4H),
1.02 (t, 3H), 0.80 (d, J ) 7.5 Hz, 6H). MS: m/z (FAB) 471 (M
+ H)+. HPLC: tR 12.78 min, 99.7 A%.

6-Guanidinohexanoyl-N-ethylglycyl-aspartyl-valine (1).
NMR (D2O): δ 4.08 (m, 3H), 3.9 (s, 1H), 3.24 (m, 2H), 3.00 (m,
2H), 2.75 (m, 2H), 2.35 (t, J ) 7.7 Hz, 2H), 2.13 (t, J ) 7.7 Hz,
1H), 2.04 (q, J ) 7.3 Hz, 1H), 1.46 (m, 3H), 1.20 (m, 2H), 1.00
(m, 3H), 0.76 (d, J ) 7.3 Hz, 6H). MS: m/z (FAB) 473 (M +
H)+. HPLC: tR 14.93 min, 99.6 A%.

3-(4-Piperidinyl)propionyl-N-ethylglycyl-aspartyl-va-
line (2). NMR (D2O): δ 4.62 (m, 2H), 3.90 (s, 2H), 3.33 (m,
4H), 2.66 (m, 4H), 2.37 (t, J ) 7.9 Hz, 2H), 2.16 (m, 1H), 2.03
(m, 1H), 1.78 (m, 2H), 1.44 (m, 2H), 1.20 (m, 2H), 1.00 (m,
3H), 0.78 (d, J ) 8.0 Hz, 6H). MS: m/z (FAB) 457 (M + H)+.
HPLC: tR 11.02 min, 99.6 A%.

5-(4-Piperidinyl)pentanoyl-N-ethylglycyl-aspartyl-va-
line (4). NMR (D2O): δ 4.10 (m, 2H), 4.07 (s, 1H), 3.92 (s,
1H), 3.33 (q, J ) 7.2 Hz, 2H), 3.20 (m, 2H), 2.75 (m, 4H), 2.34
(t, J ) 7.2 Hz, 2H), 2.06 (m, 2H), 1.80 (m, 2H), 1.45 (m, 2H),
1.20 (m, 6H), 1.06 (m, 3H), 0.81 (d, J ) 6.0 Hz, 6H). MS: m/z
(FAB) 485 (M + H)+. HPLC: tR 12.20 min, 98.7 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-D-va-
line (5). NMR (D2O): δ 4.05 (m, 3H), 3.85 (s, 1H), 3.28 (q, J
) 7.9 Hz, 2H), 3.15 (m, 2H), 2.70 (m, 4H), 2.28 (t, J ) 6.9 Hz,
2H), 2.02 (m, 1H), 1.95 (m, 1H), 1.73 (m, 2H), 1.40 (m, 3H),
1.15 (m, 3H), 0.95 (m, 3H), 0.70 (m, 6H). MS: m/z (FAB) 471
(M + H)+. HPLC: tR 12.29 min, 99.1 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-phe-
nylalanine (6). NMR (D2O): δ 7.10 (m, 5H), 4.45 (m, 2H),
3.90 (s, 1H), 3.73 (s, 1H), 3.10 (m, 5H), 2.85 (m, 1H), 2.60 (m,
3H), 2.25 (t, J ) 7.9 Hz, 2H), 1.97 (t, J ) 8.0 Hz, 1H), 1.68 (m,
2H), 1.35 (m, 3H), 1.10 (m, 4H), 0.88 (m, 3H). MS: m/z (FAB)
519 (M + H)+. HPLC: tR 17.08 min, 99.1 A%.
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4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-cy-
clohexylalanine (7). NMR (D2O): δ 4.52 (m, 1H), 4.30 (m,
1H), 4.05 (s, 1H), 3.88 (s, 1H), 3.32 (q, J ) 8.6 Hz, 2H), 3.20
(m, 2H), 2.72 (m, 5H), 2.33 (t, J ) 8.6 Hz, 2H), 2.10 (m, 1H),
1.75 (m, 2H), 1.50 (m, 10H), 1.18 (m, 4H), 1.00 (m, 3H), 0.70
(m, 6H). MS: m/z (FAB) 525 (M + H)+. HPLC: tR 18.63 min,
99.9 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-nor-
leucine (8). NMR (D2O): δ 4.54 (m, 1H), 4.15 (m, 1H), 4.04
(s, 1H), 3.85 (s, 1H), 3.32 (q, J ) 7.9 Hz, 2H), 3.17 (m, 2H),
2.70 (m, 4H), 2.30 (t, J ) 7.7 Hz, 2H), 2.09 (t, J ) 8.2 Hz, 1H),
1.65 (m, 4H), 1.40 (m, 2H), 1.15 (m, 8H), 0.98 (m, 3H), 0.68
(m, 3H). MS: m/z (FAB) 485 (M + H)+. HPLC: tR 13.19 min,
99.9A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-tert-
butylglycine (9). NMR (D2O): δ 4.60 (m, 1H), 4.25 (m, 1H),
3.88 (s, 2H), 3.33 (q, J ) 7.8 Hz, 2H), 3.20 (m, 2H), 2.74 (m,
4H), 2.35 (t, J ) 7.6 Hz, 2H), 2.12 (t, J ) 8.1 Hz, 1H), 1.80 (m,
2H), 1.50 (m, 4H), 1.15 (m, 4H), 1.03 (m, 3H), 0.78 (s, 9H).
MS: m/z (FAB) 499 (M + H)+. HPLC: tR 13.94 min, 99.2 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-(1-
naphthyl)alanine (10). NMR (D2O): δ 7.95 (d, J ) 9.6 Hz,
1H), 7.80 (m, 1H), 7.65 (m, 1H), 7.42 (m, 2H), 7.26 (m, 1H),
7.22 (t, J ) 9.6 Hz, 1H), 4.52 (m, 2H), 3.78 (s, 1H), 3.71 (s,
1H), 3.57 (m, 2H), 3.20 (m, 4H), 2.55 (m, 4H), 2.21 (t, J ) 8.4
Hz, 2H), 1.78 (t, J ) 7.2 Hz, 1H), 1.58 (m, 2H), 1.20 (m, 6H),
0.92 (m, 3H). MS: m/z (FAB) 569 (M + H)+. HPLC: tR 18.25
min, 99.3 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-(2-
naphthyl)alanine (11). NMR (D2O): δ 7.55 (m, 3H), 7.42
(s, 1H), 7.20 (m, 2H), 7.10 (d, J ) 9.6 Hz, 1H), 4.52 (m, 2H),
3.57 (d, J ) 6.0 Hz, 1H), 3.41 (s, 1H), 3.10 (m, 3H), 2.85 (m,
3H), 2.53 (m, 4H), 1.98 (t, J ) 8.4 Hz, 2H), 1.54 (m, 3H), 1.10
(m, 6H), 0.71 (t, J ) 6.0 Hz, 3H). MS: m/z (FAB) 569 (M +
H)+. HPLC: tR 18.47 min, 95.5 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-(1-
decalinyl)alanine (12). NMR (D2O): δ 4.22 (m, 1H), 4.10
(q, J ) 12.4, 8.6 Hz, 2H), 3.40 (m, 4H), 2.77 (m, 4H), 2.35 (t,
J ) 8.6 Hz, 2H), 2.15 (t, J ) 8.6 Hz, 1H), 1.87 (m, 3H), 1.50
(m, 12H), 1.30 (m, 12H), 0.98 (m, 9H). MS: m/z (FAB) 579
(M + H)+. HPLC: tR 25.00 min, 99.4 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-(2-
decalinyl)alanine (13). NMR (D2O): δ 4.75 (m, 1H), 4.38
(m, 1H), 4.10 (q, J ) 12.4, 8.5 Hz, 2H), 3.55 (m, 5H), 2.77 (m,
5H), 2.55 (t, J ) 8.6 Hz, 2H), 2.30 (t, J ) 8.5 Hz, 1H), 1.95 (d,
J ) 12.4 Hz, 2H), 1.55 (m, 14H), 1.15 (m, 14H), 0.72 (m, 3H).
MS: m/z (FAB) 579 (M + H)+. HPLC: tR 18.00 min, 99.6 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-1-
aminocyclohexane-1-carboxylic Acid (14). NMR (D2O):
δ 4.58 (m, 1H), 4.05 (s, 1H), 3.90 (s, 1H), 3.30 (q, J ) 9.0 Hz,
2H), 3.20 (m, 2H), 2.70 (m, 4H), 2.35 (t, J ) 7.2 Hz, 1H), 2.11
(t, J ) 7.2 Hz, 1H), 1.80 (m, 4H), 1.60 (m, 2H), 1.40 (m, 6H),
1.13 (m, 7H), 1.40 (m, 3H). MS: m/z (FAB) 497 (M + H)+.
HPLC: tR 12.53 min, 99.9 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-cy-
clohexylglycine (15). NMR (D2O): δ 4.60 (m, 1H), 4.06 (m,
1H), 4.01 (s, 1H), 3.85 (s, 1H), 3.30 (q, J ) 6.0 Hz, 2H), 3.16
(m, 2H), 2.70 (m, 4H), 2.30 (t, J ) 7.2 Hz, 2H), 2.10 (t, J ) 7.2
Hz, 1H), 1.70 (m, 2H), 1.45 (m, 8H), 1.00 (m, 12H). MS: m/z
(FAB) 511 (M + H)+. HPLC: tR 14.81 min, 99.9 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-D-cy-
clohexylalanine (16). NMR (D2O): δ 4.58 (m, 1H), 4.26 (m,
1H), 4.05 (s, 1H), 3.85 (s, 1H), 3.32 (q, J ) 8.4 Hz, 2H), 3.18
(m, 2H), 2.72 (m, 4H), 2.32 (t, J ) 7.2 Hz, 2H), 2.12 (t, J ) 7.2
Hz, 1H), 1.77 (m, 2H), 1.45 (m, 10H), 0.90 (m, 12H). MS: m/z
(FAB) 525 (M + H)+. HPLC: tR 16.94 min, 99.8 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-ho-
mocyclohexylalanine (17). NMR (D2O): δ 4.57 (m, 1H),
4.06 (s, 1H), 4.03 (m, 1H), 3.85 (s, 1H), 3.29 (q, J ) 6.0 Hz,
2H), 3.20 (m, 2H), 2.82 (t, J ) 15.6 Hz, 2H), 2.70 (m, 2H), 2.29
(t, J ) 7.2 Hz, 2H), 2.13 (t, J ) 7.2 Hz, 1H), 1.72 (m, 3H), 1.50
(m, 10H), 1.10 (m, 6H), 1.00 (m, 3H), 0.60 (m, 4H). MS: m/z
(FAB) 539 (M + H)+. HPLC: tR 19.50 min, 99.9 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-(S)-
2-amino-5-cyclohexylpentanoic Acid (18). NMR (D2O): δ
4.65 (m, 1H), 4.23 (m, 1H), 4.10 (s, 1H), 3.95 (s, 1H), 3.35 (q,
J ) 6.0 Hz, 2H), 3.27 (m, 2H), 2.75 (m, 4H), 2.40 (t, J ) 7.2
Hz, 1H), 2.15 (t, J ) 7.2 Hz, 1H), 1.82 (m, 3H), 1.60 (m, 12H),
1.25 (m, 6H), 1.00 (m, 3H), 0.72 (m, 4H). MS: m/z (FAB) 553
(M + H)+. HPLC: tR 19.62 min, 99.9 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-cy-
clopentylalanine (19). NMR (D2O): δ 4.75 (m, 1H), 4.30 (m,
1H), 4.15 (q, J ) 12.7, 8.6 Hz, 2H), 3.50 (m, 5H), 2.85 (t, J )
17.1 Hz, 2H), 2.75 (m, 3H), 2.52 (t, J ) 8.5 Hz, 2H), 2.35 (t, J
) 8.5 Hz, 1H), 1.95 (d, J ) 8.5 Hz, 2H), 1.55 (m, 13H), 1.12
(m, 3H). MS: m/z (FAB) 511 (M + H)+. HPLC: tR 17.82 min,
99.8 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-cy-
cloheptylalanine (20). NMR (D2O): δ 4.57 (m, 1H), 4.30 (m,
1H), 4.08 (s, 1H), 3.92 (s, 1H), 3.35 (q, J ) 7.2 Hz, 2H), 3.26
(m, 2H), 2.75 (m, 4H), 2.35 (t, J ) 7.2 Hz, 1H), 2.18 (m, 1H),
1.82 (m, 2H), 1.40 (m, 21H), 1.00 (m, 3H). MS: m/z (FAB)
539 (M + H)+. HPLC: tR 17.21 min, 98.9 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-â-cy-
clooctylalanine (21). NMR (D2O): δ 4.40 (m, 1H), 4.20 (q,
J ) 8.6, 8.6 Hz, 2H), 3.95 (m, 2H), 3.30 (m, 4H), 2.82 (m, 4H),
2.35 (t, J ) 9.1 Hz, 2H), 2.12 (t, J ) 8.6 Hz, 1H), 1.85 (d, J )
8.6 Hz, 2H), 1.57 (m, 14H), 1.35 (m, 5H), 1.10 (m, 12H). MS:
m/z (FAB) 553 (M + H)+. HPLC: tR 22.30 min, 99.5 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-cy-
clohexylalanine Ethyl Ester (22). NMR (D2O): δ 4.45 (m,
1H), 4.18 (q, J ) 12.4, 8.6 Hz, 2H), 3.95 (m, 2H), 3.30 (m, 5H),
2.87 (m, 5H), 2.35 (t, J ) 8.6 Hz, 2H), 2.25 (t, J ) 8.6 Hz, 1H),
1.89 (m, 2H), 1.55 (m, 7H), 1.00 (m, 18H). MS: m/z (FAB)
553 (M + H)+. HPLC: tR 17.04 min, 98.3 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-cy-
clohexylalaninamide (23). NMR (D2O): δ 4.43 (m, 1H), 4.20
(m, 1H), 4.08 (s, 1H), 3.92 (d, J ) 2.2 Hz, 1H), 3.35 (q, J ) 6.0
Hz, 2H), 3.25 (m, 2H), 2.83 (dt, J ) 8.6, 2.4 Hz, 2H), 2.52 (m,
2H), 2.36 (t, J ) 6.8 Hz, 2H), 2.14 (m, 1H), 1.80 (m, 2H), 1.50
(m, 10H), 1.21 (m, 4H), 1.00 (m, 3H), 0.75 (m, 5H). MS: m/z
(FAB) 524 (M + H)+. HPLC: tR 16.15 min, 99.4 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-cy-
clohexylalaninol (24). NMR (D2O): δ 4.55 (m, 1H), 4.04 (s,
1H), 3.90 (s, 1H), 3.80 (m, 1H), 3.30 (m, 6H), 2.75 (m, 4H),
2.35 (t, J ) 7.2 Hz, 1H), 2.04 (m, 1H), 1.81 (m, 2H), 1.50 (m,
8H), 1.20 (m, 6H), 0.85 (m, 8H). MS: m/z (FAB) 511 (M +
H)+. HPLC: tR 16.51 min, 98.2 A%.

4-(4-Piperidinyl)butanoyl-N-ethylglycyl-aspartyl-(2-
cyclohexyl)ethylamine (25). NMR (D2O): δ 4.10 (s, 1H),
3.90 (q, J ) 12.4, 12.4 Hz, 2H), 3.35 (d, J ) 8.5 Hz, 2H), 3.25
(d, J ) 12.8 Hz, 2H), 2.73 (m, 8H), 2.35 (t, J ) 12.8 Hz, 2H),
2.15 (t, J ) 17.1 Hz, 2H), 1.83 (m, 4H), 1.57 (m, 7H), 1.10 (m,
12H), 0.75 (t, J ) 21.4 Hz, 2H). MS: m/z (FAB) 481 (M +
H)+. HPLC: tR 17.71 min, 99.3 A%.
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