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Cyclic Peptides as Selective Tachykinin Antagonists
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Twenty homodetic cyclic peptides based on the C-terminal sequence of substance P were prepared
(TableI) by a combination of solid-phase techniques and cyclizations using azide coupling procedures.
Incorporation of dipeptide mimics based on substituted vy-lactams were used in some cases to
restrict their conformational mobility. Five of these cyclic peptides were shown to have high
tachykinin antagonist activity (pA; > 6) at NK-2 receptors (rat vas deferens). The two most

potent of this series, XVII, cyclo(GIn-Trp-Phe-Gly-Leu-Met) (pA; =
6.7), were selective for NK-2 receptors compared with the

Phe-(R)Gly[ANC- 2]Leu-Met) (pA; =
other tachykinin receptors (Table II).

The tachykinins! are a family of peptides which have
a closely homologous carboxy terminus (Figure 1). The
naturally occurring mammalian tachykinins, substance P,
neurokinin A, and neurokinin B2, exert a variety of potent
actions on a number of smooth muscle and glandular
tissues and in the central nervous system.? Although
structurally similar, the endogenous tachykinins have
different biological activities as a consequence of the
existence of a number of receptor subclasses.#5 Originally
the identification of receptor subtypes was based solely
on the rank order of potency of the tachykinin agonists
and desensitization experiments.8 Full characterization
of these receptor subclasses and, indeed, the study of the
relative physiological function of the natural tachykinins
have been hampered by the absence of selective antag-
onists. We now describe the preparation of a series of
cyclic peptides which are tachykinin antagonists, some of
which show a high degree of site selectivity for the NK-2
subclass of receptor.”?

The approach to developing tachykinin antagonists

* Author to whom all correspondence should be addressed.

t Merck Sharp and Dohme Research Laboratories, West Point, PA
19486

(l) Erspamer,V The tachykinin family. Trends Neurosci. 1981, 267-

(2) Henry, J. L. In Substance P and Neurokinins—Montreal 86,
Proceeding of the XXX International Congress of the International Union
of Physiological Sclences, Henry, J. L., Couture, R., Cuello, A., Pelletier,

G., Quirion, R., Regoli, D., Eds.; Sprmger-Verlag Pubhshmg Co.: New
York, 1987; pp xvu—xvui.

(3) Pernow, B. Substance P. Pharmacol. Rev. 1983, 35, 85-141.

(4) (a) Iversen, L. L.; Watling, K. J.; McKnight, A. T.; Williams, B. J.;

, C. M. In Proceedings of the 4th SCI-RSC Medicinal Chemistry
Sympoazum, 1987, Churchill College, Cambridge. (b) Lee, C-M., Camp-
bell, N. J., Wllllams, B. J. and Iversen, L. L. Multiple bmdmg "sites in
perlpheral tissues and in brain, Eur. J. Pharm. 1986, 130, 209-217.

8 (gz);Qltéxsrlon,R Multiple tachykinin receptors. Trends Neurosci. 1985,
, 183-185.

(6) Lee, C. M,; Iversen, L. L.; Hanley, M. R.; Sandberg, B. E. B. The
possible existence of multiple receptors for substance P. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 1982, 318, 281-287,

(7) Williams, B. J.; Curtis, N.R.; Mcnght,A T.; Maguire, J.; Foster,
A,; Tridgett, R. bevelopmentof NK-2 selective antagomsts Regul Pept.
1988, 22, 189.

(8) Mcnght, A. T.; Maguire, J. J.; Williams, B. J.; Foster, A. C.;
Tridgett, R.; Iversen, L. L. Pharmacologlcal specxﬁcxty of synthetlc
g;ptl%ea as antagomsts at tachykinin receptors. Regul. Peptzdes 1988,

1

8.1), and I cyclo(GIn-T'rp-

MAMMALIAN TACHYKININS

Substance P Arg-Pro-Lys-Pro-Gin-Gin-Phe-Phe-Gly-Leu-Met-NH,

Neurokinin A His-Lys-Thr-Asp-Ser-Phe-Val-Cly-Leu-Met-NH,

Neurokinin 8 Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH,
NON-MAMMALIAN TACHYKININS

Eledoisin Glp-Pro-Ser-Lys-Asp-Ala-Phe- lle-Gly-Leu-Met-NH,

Physalaemin GIp-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH2

Kassinin  Asp-Val-Pro-Lys-Ser-Asp-Gin-Phe-Val-Gly-Leu-Met-NHy

Figure 1.

adopted by Folkers® and more recently by Escher!® and
others!! has been to modify the structure of substance P
(SP) and the neurokinins systematically by introduction
of D-amino acid residues (particularly with p-Trp and
D-Phe). Crucial residues for antagonist activity appear to
be Phe’ and Gly® and antagonists such as [D-ProZ,D-Phe’,D-
Trp?]SP were developed. It is difficult to determine
whether these antagonists, with such a high proportion of
aromatic residues, bind to the receptor in the same way
as the natural hormones and whether these D-residues,
for example at position 9, themselves bind to the receptor
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or are responsible solely for altering backbone conforma-
tions. These uncertainties together with the high con-
formational mobility normally associated with linear
peptides makes interpretation of structure-activity rela-
tionships particularly difficult. Substitution of amino
acids, found to be optimal in one series of peptides, may
not necessarily be optimal in other series. Nevertheless
antagonists which show selectivity toward the various
receptor subclasses have been prepared by the careful
choice of amino acid substitution.!2

An alternative approach to obtaining tachykinin an-
tagonists, which involves the use of conformational con-
straints, has recently been reported by Ward et al.l®
Incorporation of spirolactams intolinear peptide sequences
homologous to substance P have provided both NK-1
selective agonists and antagonists. Agonists were produced
when an (R)-spirolactam unit was used which can be
considered to be a hybrid of the (R)-Gly[ANC-2]Leu
lactam!4 and L-Pro-Leu sequences in place of the natural
Gly-Leu sequences in substance P. However, in contrast,
when the (S)-spirolactamunit wasincorporated, antagonist
activity was observed. The conformation which is sta-
bilized by this (S)-spirolactam was the classical type II’
B-turn, suggesting that a bent conformation may be
necessary for NK-1 antagonist activity.

The above two methods have as their formal starting
point the natural sequence of the tachykinins. Selective
NK-2 antagonists can be obtained from the linear peptide
sequence Ac-Leu-Met-Gln-Trp-Phe-Gly-NH,, which we
have reported on previously” and whose selectivity has
been recently improved upon by Maggi et al.!5 by the
replacement of the methionyl with an aspartyl residue.

On the basis of NMR data and energy calculations
derived from substance P itself!&!” and a number of
biologically active fragments!®1? and analogues,? it has
been postulated that substance P exists in a bent con-
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formation in the C-terminal portion of the peptide.2! This
conformation is thought to be stabilized by the existence
of hydrogen-bonding interactions between the methionyl
residue and the backbone or side chain of other residues.
In the C-terminal hexapeptide of substance P, [GIpf1SPg-;,
it had been shown that replacement of the Gly® residue
by derivatives which not only restrict conformation but
have the ability tostabilize bends such as L-Pro,% p-Pro,2
and a y-lactam unit (R)-Gly[ANC-2]Leu® affect agonist
activity at the various receptor subclasses. This implies
that the glycyl residue may play a dominant role in
establishing the overall conformation of the molecule. We
began a synthetic program to determine whether the
biologically active conformation at the various subtypes
might be mimicked by cyclic peptides. This technique of
obtaining peptide antagonists had been successfully
employed for other peptide hormones systems including
somatostatin, enkephalin,2® LHRH, % and recently CCK.Z"
Surprisingly, all previous attempts to achieve this for the
tachykinins have been unsuccessful.263! One possible
explanation we considered which might account for this
was the high conformational mobility of the glycyl residue.
It was for this reason that the conformational constraint
(R)-Gly[ANC-2]Leu, which had been shown to maintain
high agonist activity at NK-2 receptors,® should be
included in these cyclic peptides to provide a conforma-
tional lock in this region of the peptide backbone. Later
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we would be in a position to examine the importance of
including this conformational constraint.

Methods

The method for the preparation of the cyclic peptides
involved formation of precursor linear peptide hydrazides
(Scheme II, part a), conversion to the acyl azides (by the
method of Rudinger®), and cyclization in a analogous
manner to that described by Veber.2¢ Preparation of the
precursor peptide hydrazides utilized solid-phase tech-
niques similar to those described by Sheppard involving
the use of Fmoc amino acids.® Polydimethylacrylamide
gel resin (Pepsin, CRB) was functionalized by treatment
with ethylenediamine and acylated with the Fmoc-
protected symmetrical anhydride of an amino acid, which
was to act as an internal standard and to facilitate
subsequent analyses. Deprotection of the resin by 20%
piperidine in DMF (wash cycle A) allowed acylation by
the functional handle [4-(hydroxymethyl) benzoicacid®®].
Subsequent acylation for the assembly of the peptide was
by direct analogy with the method of Sheppard involving
Fmoc-amino acid symmetrical anhydrides or active esters
(glutamine residues). The notable exception to this was
the incorporation of the conformationally constrained
dipeptide mimic 3, which involved the use of active ester
couplings and the use of Boc protection. Preparation of
3 was by analogy with that described previously for the
(S,S)-epimer3¢ using a DCC-mediated coupling of Boc-
D-Met with Leu-OMe-HCl. Following this procedure the
initial product 1 contained significant quantities of
N-acylurea (5.3%), which could be removed either by
chromatography on silica gel (overall yield, 85.5%) or by
recrystallization (58.7%). However, when the coupling
procedure was performed with hydroxybenzotriazole
present no N-acylurea was observed and the product
obtained after crystallization (88 % ) was of sufficient purity
to be used directly without further purification. The use
of the Boc group to protect 3 rather than Fmoc was solely
for convenience. The procedure for the preparation of 334
(Scheme I) involved a strong base treatment (NaH) for
the lactamization of the S-alkylated dipeptide 2. Fmoc
could not be used as N-protection as it is known to be
unstable under these conditions. Subsequent exchange
of the Boc group in 3 for Fmoc in 5 was performed (Scheme
I); however it was deemed unnecessary for this present
series of cyclic peptides for two reasons. Firstly, peptides
attached to the 4-(hydroxymethyl)benzoyl-functionalized
resin 6 are known to be stable to the anhydrous acid
conditions necessary to cleave a Boc group,3? and secondly,
the amino acid residues preceding the dipeptide mimic 3
did not have protected functionality in their side chains.

In the cases of the precursor peptides not involving
N-terminal glutamine, the final residue was incorporated
as either a Boc- or an Fmoc-protected amino acid residue
and deprotected under standard conditions before cleavage
from the resin by hydrazinolysis (5% hydrazine hydrate
inmethanol) (Scheme II, part b, procedure A). Exhaustive
evaporation to remove excess hydrazine allowed direct

(32) Honazl, J.; Rudinger,J. Aminoacids and peptides XXXIII. Nitrosyl
chloride and butyl nitrite as reagents in peptide synthesis by the azide
method. Collect. Czech. Chem. Commun. 1961, 26, 2333-2344.

(33) Atherton, E.; Gait, M. J.; Sheppard, R. C.; Williams, B. J. The
polyamide method of solid phase peptide and oligonucleotide synthesis.
Bioorg. Chem. 1979, 8, 351-370.

(34) Freidinger, R. M.; Schwenk-Perlow, D.; Veber, D. F. Protected
lactam-bridged dipeptides for use as conformational constraints in
peptides. J. Org. Chem. 1982, 47, 104-109.

Williams et al.

Scheme I ¢
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a (i) DCC/HOBt/LeuOMe-HCl; (ii) Mel; (iii) NaH; (iv) HCY
dioxane; (v) FMOC-Cl/Na;CO3.

conversion of the crude acyl hydrazide tothe corresponding
acyl azide using isopentyl nitrite.32 Dilution with precooled
DMF (-20 °C) and addition of triethylamine to pH 8-9
liberated the free amine and allowed spontaneous cy-
clization to occur. In the number of cases involving
N-terminal glutamine residues it was anticipated that if
the procedure above was adopted a significant degree of
pyroglutamyl formation would occur during the hydrazi-
nolysis step. It was for this reason that a modified
procedure (Scheme II, part b, procedure B) was adopted
in order to minimize this side reaction. In these cases the
N-terminal glutaminyl residue was incorporated by the
use of Boc-GIn-ONp and the coupling catalyzed by
hydroxybenzotriazole (HOBt). The completed peptide
was cleaved from the resin by hydrazine with the N-ter-
minal protecting group still present. After removal of the
excess hydrazine, the Boc group was removed using
anhydrous trifluoroacetic acid or 2 N HCl in dioxane and
the acyl azide generated immediately at -20 °C. Under
these conditions the protonated amino group on the Gln
residue should minimize the extent of formation of
pyroglutamyl peptides. The lower yields obtained during
cyclization of precursor peptides with N-terminal glutamine
(Table III) by procedure B possibly indicates that this
side reaction has not been totally suppressed. The desired
intramolecular reaction to form the homodetic cyclic
peptides was however clearly competing favorably with
undesired intraresidue cyclization to form pyroglutamyl
peptides.

An alternative method which did avoid this side reaction
altogether was to alter the position of the bond to be formed
during the cyclization step, thus avoiding N-terminal
glutaminyl residues. For the peptides which contain the
Gly-Leu sequence rather than the dipeptide mimic 3, the
obvious choice of C-terminal residue in the linear precursor
peptide was the glycyl residue (Scheme III), which not
only avoids having Gln as N-terminal residue and hence
the possibility of pyroglutamyl formation but also avoids
racemization on the cyclization step since the achiral glycyl
residue is not susceptible. Where this was not possible,
cyclization involving an azide coupling procedure was used
to minimize the possibility of racemization at chiral

Boc-D-Met >
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Scheme I
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X-Y-Z-(R)Gly[ANC-2]Leu-Met- OCH: CO -resin
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Boc- X-Y-Z-(R)Gly(ANC-2]Leu-Met-NHNH,

Procedure A

Sa.efhiii

¢ Reagents for part a: (i) (Fmoc-Met);O/NMM/DMAP; (ii) 20%
piperidine/DMF; (iii) 3/ DCC/HOBY; (iv) TFA/CH,Cl;; (v) (Fmoc-
Z);0; (vi) (Fmoc-Y)20; (vil) (Fmoc-X);0; (viii) deprotection and
hydrolysis (part b); (ix) HCl/isoamyl nitrite/-20 °C (x) Et3N.
Reagents for part b: (i) 20% piperidine/ DMF (for Fmoc removal)
or 50% TFA/CH;Cl; (for Boc removal); (ii) 5% hydrazine hydrate/
MeOH/16 h; (iii) TFA (30 min) or HCl/dioxane.

C-terminal residues. For cyclic peptides involving the unit
3, alternate choices for the linear precursor peptide
sequences were limited for technical reasons. However,
when cyclization was attempted using alternative cycliza-
tion positions, yields were variable and in one case
cyclization failed completely (synthesis of peptide V,
method 2).

The purity and identity of the cyclic peptides were
characterized (Table IV) by lH NMR (360 MHz), amino
acid analysis,?® and FAB-MS. Gel-permeation chroma-
tography, which is a frequently used technique to deter-
mine the molecular weight of peptides and proteins,3 was

(35) Andrews, P. The gel-filtration behaviour of proteins related to
their molecular weights over a wide range. Biochem. J. 1965, 96, 595—
606.
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HOCH; —©~ CO-resin
l [
Fmoc-Leu-Mel-Gln-Trp-Phe-Gly-OCHz—Q CO-resin
12

Leu-Met-Gln-Trp-Phe-Gly-NHNH,

Scheme III

13

|

cyclo( Gin-Trp-Phe-Gly-Leu-Met )

Xv

also applied to IL, III, IV, VIII, IX, and X using Sephadex
G-15 in 50% aqueous acetic acid as solvent. The cyclic
peptides were determined to be monomeric species by
comparison with the elution time of analogous linear
peptides considered to be chemically similar. Thissolvent
was chosen because of the limited water solubility of these
cyclic peptides and to minimize absorption effects of the
Sephadex by the aromatic residues in the cyclic peptides.??
The cyclic peptides however consistently eluted later than
predicted from their molecular weights, which reflects the
lower molecular volume occupied by a cyclic rather than
aconformationally less rigid linear peptide. Although this
technique was not applied generally, relying on FAB-MS
foraccurate molecular weight determinations, it was found
to be of value in distinguishing between monomeric and
oligomeric species.

Discussion

Table I shows the antagonist activity of the cyclic
peptides I-XX at the NK-2 receptor (in rat vas deferens
against the agonist eledoisin). Five of these peptides act
as antagonists with pA; values >6. None of the cyclic
peptides exhibited any efficacy at NK-1, NK-2, or NK-3
receptors at concentrations up to 10 uM or greater. A
number of points can be made relative to structure~activity
relationships (SAR) from the results presented in Table
L. However, although the cyclization process renders

(36) A number of problems were encountered with the amino acid
analyses of both intermediate peptide resin samples and completed cyclic
peptides depending on the method of analysis used. Acid hydrolysis of
the unit 3 gave two peaks which coeluted with Met and Phe on an ion-
exchange-based amino acid analysis system (Waters). The use of OPA
as derivatization agent failed to detect secondary amino acids such as
(N-Me)Pheand Pro whereas the ninhydrin based equivalent system gave
interference between Glu and sarcosine (from resin bound peptide
analyses). A number of these problems could be largely overcome using
Pico-Tag (Waters) precolumn derivatization systems although greater
oxidative losses for Met and Trp were found.

(37) Brady, 8. F,; Varga, S. L; Freidinger, R. M.; Schwenk, D. A;
Mendlowski, M.; Holly, F.W,; Veber, D. F. Practical synthesls of cycllc
peptides, with an example of dependence of cyclization yield upon linear
sequence. J. Org. Chem. 1979, 44, 3101-3105.
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Table I. NK-2 Tachykinin Antagonist Activity of Cyclo(X-Y-Z-D-E)

Williams et al.

apparent
X Y Z D E pA; (RVD)s NK-2
1 Gln Trp Phe Re Met 6.7
II D-Ala Phe Phe R Met NA
I Gly Phe Phe R Met NA
v Ala Phe Phe R Met NA
\' Gln Phe Phe R Met 4.8
A" | Gln Npa® Phe R Met 5.6
VII Gly Npa?® Phe R Met 5.0
VIII GIn D-Trp Phe R Met 49
IX Gln D-Trp (N-Me)Phe R Met 6.4
X Gln D-Trp (N-Me)Phe R Met,® 51
XI Gly-Gln Phe Phe R Met 4.6
XII D-Pro-Gln Phe Phe R Met NA
XII Aha‘ Phe Phe R Met NA
XIv Gly-Gln Tyr Phe R Met 5.0
XV Gly-Gln p-Trp Phe R Met 5.0
XVI Gly-Gln Trp Phe R Met 6.0
XVIl Gln Trp Phe Gly-Leu Met 8.1
XVIII Gln Trp Phe D-Pro-Leu Met 4.7
XIX Gln Trp Phe Pro-Leu Met 4.8
XX Gln Trp Phe Leu Met 6.2

s Tachykinin NK-2 antagonist activity against eledoisin in rat vas deferens. * Npa = L-3-(1-naphthyl)alanyl. ¢ Cyclic dimer of IX. ¢ Aha =
6-aminohexanoyl. ¢ R = (R)-Gly[ANC-2]Leu (ref 14). NA = not active (apparent pA; < 4.5).

considerably fewer degrees of freedom when compared
with linear peptides, there is still the possibility of
conformational mobility and SAR thus derived from large
conformationally mobile peptides must be interpreted with
this in mind. It does appear however that both ring size
and amino acid substitution do play an important role for
NK-2activity. Forthe seven peptides II-V and XI-XIII
which have the native aromatic amino acid sequence Phe-
Phe of substance P, it can be seen that weak antagonist
activity can be obtained in some cases (for both hexa and
heptapeptides). The glutamine residue does appear to be
important for activity. Comparison of the peptides
containing Gln or Gly at the position immediately prior
to the aromatic residues illustrates this. For example
peptides III and VII both have lower activity than the
corresponding glutaminyl peptides (V and VI, respec-
tively). However, when Gln is present as in peptide V, it
is still possible to reduce or abolish activity by introduction
of additional residues (Gly or D-Pro) as in XI and XII.
One of the most significant substitutions for increasing
NK-2 antagonist activity in hexapeptide V was replace-
ment of Phe by L-Trp (peptide I, pAs = 6.7). In linear
peptide antagonists, substitution of residues by D-Trp
commonly increases antagonist activity. This increase in
potency at NK-2 was not observed in these cyclic peptides.
Substitution of L-Trp (peptide I, pA; = 6.7) by D-Trp
(peptide VIII, pA; = 4.9) results in significant loss of
activity. However when substitution was by D-Trp in
combination with N-methylphenylalanine (peptide IX),
both potency and selectivity (Table II) were affected. In
particular, activity at NK-1 was increased significantly
(pA; = 6.6, Table II). For the heptapeptides containing
X = Gly-Gln, sensitivity to aromatic substitution was
similar, as can be seen by comparison of peptides XI, X VI,
XIV, and XV. Again, L-Trp appears to be preferred to
the other aromatic residues L-Phe, L-Tyr, and pD-Trp.
The reasons for the inclusion of the conformational
constraint (R)-Gly[ANC-2]Leuin the initial series of cyclic
peptides, as described earlier, was intended to provide
conformational rigidity in this conformationally mobile
portion of the cyclic peptide backbone. Introduction of
this lactam unit in the C-terminal hexapeptide sequence
of substance P is compatible with high NK-2 agonist

Table II. Selectivity for Different Tachykinin Receptor Types®

cyclic pA: values®
peptide NK-1 (GPI) NK-2 (RVD) NK-3 (RPV)
I NA 6.7 4.9*
(CL=6.1,7.2)
slope 1.0
IX 6.6 6.4 5.7%
(£0.3,n=23)
X 7.0 5.1% 5.6%
X1V NA 5.0% 5.4%
XVII 5.7 8.1 5.1
(£0.1,n = 4) (CL =1.6,8.4) (£0.2,n=4)
slope = 0.83

s pA; values were obtained by the line of best fit (least squares)
to the Schild regression (ref 41) using three or more concentrations
of antagonist with eledoisin as agonist, where the values in parentheses
denote the 95% confidence limits (CL). Otherwise the pA; values
were the mean of three or four observations obtained from the
standard equation for the Schild regression analysis, assuming unit
slope, where the values in parentheses denote the standard error of
themean (x). The values marked with * were obtained from a single
concentration of antagonist from the standard equation for the Schild
regression analysis, assuming unit slope. GPI = guinea pig ileum.
RVD = rat vas deferens. RPV = rat portal vein. NA = not active;
pA; < 5.0.

activity. However, the conformation which this imposes
is clearly not optimal for activity at NK-2 receptors as a
20-fold increase in activity is observed in I when it is
replaced by the native Gly-Leu sequence in XVII. The
cyclic peptide antagonists are not congeneric with the linear
peptide agonists and the SAR is clearly different for these
twoseries. Introduction of the lactam unit into the native
Gly-Leu sequence of [Glp®1SP¢-1; also results in loss of
agonist affinity of some 4-fold.20 However a more dramatic
difference is observed in these two series of compounds
when one examines the effect of introduction of D-Pro in
place of Gly. As an agonist, the activity of
[Glp®,Pro®]SPe-1; at NK-2 is comparable with that of
eledoisin.3® In the cyclic peptide XVII, replacement of
the Gly residue with D-Pro almost totally abolishes activity.

(38) Iversen, L. L.; McKnight, A. T.; Foster, A.; Young, S.; Williams,
B. J. Pharmacology of the tachykinin system. In Neuropeptides and
Their Receptors, Alfred Benzon Sympoeium 29; Schwart, Thue W.,
Hildted, L. M., Rehfeld, J. F., Munksgaard Publishing Co.: Copenhagen,
1990; pp 363-372.
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Table III. Synthesis and Characterization of Peptide Intermediates
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cyclic terminal internal residue amino acid analysis cleavage HPLC,’ tr min) yig)ge
peptide 8-10 intermediate 8 amino acid reference 8 procedure 9 10 %
I a Boc-Gln Ala Glu, 0.91; Phe, 0.92; Ala, 1.0 B 16.2 13.2 33
1I b Boc-pD-Ala Gly Ala, 0.89; Phe, 1.92; Gly, 1.0 B 19.2 14.2 35
III ¢ Fmoc-Gly Gly Phe, 2.06; Gly, 1.83 A 134 69
v d Fmoc-Ala Gly Ala, 0.94; Phe, 2.06; Gly, 0.89 A 13.8 50
A\ e Boc-Gln Ala Phe, 2.11; Ala, 1.0 B 16.2 12.3 26
VI f Boc-Gln Leu ND B 17.8 14.2 23
vl € Fmoc-Gly Leu ND A 14.7 33
VIII h Boc-Gln Ala ND B 16.2 13.1 27
IX i Boc-Gln Leu ND B 18.1 15.7 12
X i  Boe-Gln Leu ND B 18.1 15.7 11
XI k  Fmoc-Gly Ala Gly, 0.99; Glu, 1.03; Phe, 2.01; Ala, 1.00 A 16.1 38
X1 1  Boc-(R)-Gly[ANC-2]Leu Ala Pro, 1.04; Glu, 0.93; Phe, 1.97; Ala, 1.00 A 12.6¢ 49
XIII m Boc-Aha Ala Phe, 1.73; Ala, 1.00 A 12.6 43
X1V n  Boc-Gly Leu ND A 11.5 22
XV o Fmoc-Gly Ala Gly, 1.02; Phe, 0.89; Met, 1.10; Ala, 1.0 A 14.0 9.2
XVI p Fmoc-Gly Ala Gly, 0.97; Phe, 0.90; Met, 0.98; Ala, 1.0 A 13.0 40
XVII q Boce-Gln Ala ND B 16.5 13.0 ND
XVIII r Boc-Gln Ala ND B 17.8 15.0 5.8
XIX s Boc-Gln Ala ND B 16.8 13.2 ND
XX t Fmoc-Leu Ala ND . A 13.7 ND

4 See ref 35. * u-Bondapak C-18, 5-95% CH;CN linear gradient over 30 min at 2 mL/min (0.1% TFA in aqueous solution) ND = not
determined. ¢ Overall yield based on derivatized starting resin. ¢ Retention time of acyl hydrazide (sequence not as in 10).

Table IV. Characterization of Cyclic Peptides I-XX

FAB-MS HPLC;

cyclic M+H)sb g % TLC (Rp#

peptide formula (m/e) (min) puity A B C D amino acid analysesd<

I CyH;3Nz0-,S 790, 788 16.88 99.2 0.27 0.49 0.23 0.88 (B) Glu, 1.00; Phe, 1.03; X, 0.96; Met, 0.97

II CasH1sNeOeS 693, 7159 1939 >995 0.69 0.79 0.64 092 (A) Ala, 0.95; Phe, 2.05; Met, 2.12

III CasHsNeOsS 679, 677° 18.45 95.7 054 0.78 0.40 091 (A)Gly,0.95; Phe, 2.05

v CasH1sNeOeS 693, 691° 1892 >99.5 0.52 0.78 0.38 0.92 (A) Ala, 0.96; Phe, 2.04

A\ CasHs1N70-S 750, 7480 16.87 ~>99.5 0.38 0.68 0.44 092 (B)Glu, 0.98; Phe, 2.05, X, 1.08; Met, 0.97

VI Cu2HgzN70,8 800, 728° 18.51 97.2 040 056 0.52 095 (B)Glu,1.08; Npa,0.77; Phe, 1.03; X,* 1.16; Met, 0.96
vl CasHisNeO6S 729 18.51 97.8 0.54 0.57 0.32 0.89 (B)Gly,0.97; Npa, 1.05; Phe, 0.96; X,* 1.02

VIII CaoH5:N:O7S 789, 787% 20.22 99.2 0.47 0.79 0.48 0.95 (B) Glu, 0.96; Met, 1.04; Phe, 0.99

IX CaHuN:O07S 825, 801° 17.93 95.1 022 0.53 022 0.88 (B)Glu, 1.04; Met, 0.96

X CsoH108N 1601482 16279 22.35 90.1 0.16 0.41 0.19 0.86 (B)Glu, 1.99; Met, 2.01

XI CaoHsNsOsS 807, 805 16.53 959 0.16 0.35 0.11 0.86 (A)Gly, 0.93; Glu, 1.00; Phe, 2.07

XII Cu3HssNgOsS 847, 845° 1762 >995 0.14 034 0.11 0.81 (A)Pro, 1.01; Glu, 0.99; Phe, 2.00

XII CuHegsNgOsS 863, 861 1720 >99.5 0.29 0.56 022 0.88 (A)Glu,0.97; Phe, 2.12; Ahaf 0.91

XIV CuoHsiNs0oS 823, 8216 1541 >99.5 0.06 0.13 0.05 0.82 (A)Gly, 1.05; Glu, 0.99; Tyr, 0.97; Phe, 0.99

XV C42HssNogOsS 846,5844%  16.87 94,1 0.06 0.13 0.07 0.84 (B)Glu,1.01;Gly, 1.01; Phe, 1.03; Met, 0.95

XVI C2H5sNgOsS 8440 16.73 97.5 012 0.29 0.10 0.83 (B) Gly, 1.04; Glu, 0.96; Phe, 1.01; X,© 0.97; Met, 1.09
XVII  C3sHsoNsO-S 763, 761° 1685 >995 0.15 0.34 0.11 0.88 (B)Glu,0.96; Phe, 1.02; Gly, 1.03; Leu, 0.99

XVIII C4HuNs0,S 803, 801° 18.13 99.0 014 030 0.10 0.87 (B)Glu, 1.05; Phe, 0.92; Pro, 1.13; Leu, 0.97

XIX CuHsN:z07S 803, 801° 17.18 986 021 051 017 091 (A)Glu,1.01;Pro, 1.08; Met, 0.93; Leu, 1.01; Phe, 0.96
XX CasH1N706S 706 18.13 97.0 0.08 0.11 0.18 0.84 (A)Glu, 1.03; Met, 1.03; Leu, 0.96; Phe, 0.98; Trp, 0.94

s FAB-MS (M + Na).  FAB-MS (M - H). ¢ Analytical HPLC was performed on a Waters u-Bondapak C18 column using a linear gradient
of 5-95% acetonitrile using water containing 0.1% TFA, v/v. Purity estimates were by UV determination O.D. 254 mm using a Shimatzu
CR5A integrator. ¢ Amino acid analyses were performed on hydrolyzates (6 N HC1/18 h/110 °C) on a Waters amino acid analyzer (A) using
ion exchange, and development with ninhydrin or (B) Waters “Pico-Tag” system using separation on RP18 columns of precolumn derivatized
(PITC) amino acids (ref 35). ¢ X refers to analysis of the hydrolyzed lactam unit (R)-Gly[ANC-2]Leu (ref 14) under conditions B above/ Npa
= L-3-(1-naphthyl)alanine. £ Aha = 6-aminohexanoic acid. # See text for definition of the solvent systems.

Table II shows the selectivity data for some of these
cyclic peptides. It can be seen that peptides I and XVII
show good selectivity for the NK-2 receptor compared
with NK-1 and NK-3. However, activity is not restricted
to NK-2 in these cyclic peptides. Substitution of theL-N-
methylphenylalanine residue into VIII gave IX with
increased antagonist activity at NK-1 and NK-3 receptor
subtypes. However during the cyclization of this peptide
the dodecapeptide X was also isolated and demonstrated
selectivity for NK-1 receptors in guinea pig ileum (GPI,
pAs = 7.0). Therefore not only can cyclic peptides give
potent NK-2 antagonists, but peptides IX and X illustrate

(39) McKnight, A, T.; Maguire, J. J. Comparison of the receptors for
tachykinins in the vas deferens and the portal vein of the rat. Br. J.
Pharm, 1987, 90, 103P.

the possibility of obtaining antagonists which are potent
at the other NK-1 and NK-3 sites.

Conclusion

Cyclic peptides with tachykinin antagonist activity have
been identified with amino acid residues similar to the
native peptide sequences. NK-2 and NK-1 selectivity has
beenshown inpeptides XVII and X, respectively. Peptide
XVI1is one of the most potent NK-2 selective antagonists
reported todate (pAz = 8.1). The peptides presented here
illustrate the scope for activity where the range of
substitution is not exhaustive by any means. There is a
real prospect that improved activity might be achieved in
these peptides by optimization of the amino acid residues.
These antagonists, together with the NK-1-selective
antagonists of Ward,13 will provide a means of probing the
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conformational requirements of the binding domains in
or near the NK-2 and NK-1 receptors for the tachykinins.
The cyclic peptides in particular, by virtue of the lack of
conformational mobility, are amenable to conformational
analysis by NMR and X-ray techniques.

Experimental Section

Abbreviations used follow IUPAC-IUB nomenclature.® Ad-
ditional abbreviations are (R)-Gly[ANC-2]Leu,! (25)-2-[(3R)-
3-amino-2-oxopyrrolidin-1-yl] -4-methylpentanoyl; Aha, 6-ami-
nohexanoic acid; Npa, L-3-(1-naphthyl)alanine; TFA, trifluoro-
acetic acid; HPLC, high-performance liquid chromatography;
tg, retention time (min) in a standard 30-min gradient; RP-18,
reverse-phase octadecylsilyl; DCC, dicyclohexylcarbodiimide;
DCU, dicyclohexylurea; DMF, dimethylformamide; HOBt, 1-hy-
droxybenzotriazole; DMAP, 4-(dimethylamino)pyridine; NMM,
N-methylmorpholine; TEA, triethylamine.

Melting points were determined on a Biichi melting point
apparatus and are uncorrected. NMR spectra were recorded on
aBruker AM-360 and AM-250 (360 and 250 MHz) spectrometers
and expressed as parts per million from Me,Si as standard.

HPLC analysis was performed on a Waters gradient system
equipped with variable-wavelength detector and a Shimatzu
integrator. A u-Bondapak C-18 (4.66 i.d. X 25 cm) column was
used. Compounds were detected at 254 and at 234 nm. TLC
was performed on precoated silica gel plates: Merck/UV 254,
The following solvent systems were used: (A) CHCly/MeOH (9:
1), (B) CHCl;/MeOH/AcOH (85:10:5), (C) CHCl;/MeOH/H0
(90:10:1), (D) n-BuOH/EtOAc/AcOH/H:0 (1:1:1:1). Peptides
were visualized by ninhydrin spray and Cl,/tolidine/KI.

N-(tert-Butoxycarbonyl)-D-methionyl-L-leucine Methyl
Ester (1). To a solution of Boc-D-Met (2.0 g, 8.02 mmol) and
HOBt (1.22 g, 8.00 mmol) in DMF (10 mL) and CH;Cl; (20 mL)
cooled to 0 °C was added a solution of DCC (1.65 g, 8.0 mmol)
in CH.Cl; (5 mL). After the solution had been stirred at 0 °C
for 30 min, LeuOMe-HCI (1.46 g, 8.04 mmol) and NMM (0.88
mL, 8.02 mmol) were added, and the solution was stirred at 0 °C
for a further 30 min and then at 5 °C for 16 h. The solution was
filtered, and the filtrate together with CH,Cl; washings were
evaporated to dryness. The residue was dissolved in ethyl acetate
(50 mL) and was washed successively with 10% aqueous sodium
carbonate (40 mL, 25 mL), water, 10% aqueous citric acid (25
mL, 25 mL), water, and saturated brine. All aqueous washings
were back-extracted with ethyl acetate and the combined ethyl
acetate phases were dried over Na,SO, and evaporated to an oil.
Diethyl ether (40 mL) was added to dissolve the residue. The
solution was filtered to remove remaining DCU and on evapo-
ration to a small volume the product N-(tert-butoxycarbonyl)-
D-methionyl-L-leucine methyl ester (1) crystallized (2.67 g,
88%): mp 57.5-60 °C; [a])®5p -5.15° (¢ = 1, MeOH); 'H NMR
(250 MHz, d8-acetone) 6 7.54 (1 H, br d, CHCONH), 6.2 (1 H, br
d, OCONH), 4.5 (1 H, m, NHCH), 4.2 (1 H, m, =NCH), 3.65 (3
H, s, OMe), 2.45 (2 H, t, SCH,), 2.05 (3 H, s, SMe), 2.1-1.5 (6 H,
m, CHzCHzS + CHCHzCH(CHa)z), 14 (€] H, 8, (CHa)a), 096 H,
dd, (CH,),CH).

(28)-2-[(3R)-3-[(tert-Butoxycarbonyl)amino]-2-oxopyrro-
lidin-1-yl]-4-methylpentanoic Acid (3). Compound 1 (45.94
g, 0.122 mol) was stirred with methyl iodide (220 mL) for 3 days.
The methyl iodide was removed by repeated evaporation and
dissolution in CH:Cl; (three times) to give a foam. This crude
S-methylsulfonium iodide (2) was dissolved in DMF/CH,Cl,
(2440 mL; 1:1) at 0 °C under an atmosphere of N, and sodium
hydride (10.65 g, 55-60% dispersion in oil, 0.244 mol) added.
After stirring of the solution at 0 °C for 2 h, methyl acetate (375
mL) and ethyl acetate (435 mL) were added, followed by water
(11 mL). The mixture was stirred at ambient temperature for
16 hunder an atmosphere of nitrogen. The product was extracted
intowater (2 X 1 L) and 1% sodium carbonate (1L). The aqueous
phases were acidified by addition of solid citric acid to pH 4, and
the product was extracted into CH;Cl; (three times). The organic
phases were washed separately with water and saturated brine

(40) Nomenclature and symbolism for amino acids and peptides. Eur.
J. Biochem. 1984, 138, 9-37.

Williams et al.

and then combined and dried over Na,SO,. Removal of the
solvent in vacuo gave a viscous oil which crystallized on standing
with ethyl acetate/hexane (1:1) to give crude 3 (15.75 g).
Recrystallization from hot ethyl acetate/hexane and cooling to
5 °C gave pure 3 (10.25 g, 27%): mp 163-168 °C dec; [a]?p
+21.3° (¢ = 1, MeOH); 'H NMR (360 MHz, CDCly) § 5.7 (1 H,
brs, NH), 477 (1 H, t, J = 8.3 Hz, CHCOOH), 4.22 (1H, br s,
CHNH),3.44 (1H,dt,CH,HpN),3.2(1H, t,J =8.9Hz, CH,HpN),
2.5 (1 H, m, CHyHgCH;N), 1.8 (1 H, m, CH,HgCH:N), 1.7 (2 H,
t,J = 7.9 Hz, CHCH,CH), 1.49 (1 H, m, CH(CH,);), 1.47 9 H,
8, (CHa)aC), 0.94 (6 H, dd, J = 6.65 HZ, (CHa)zCH). Anal.
(Cl5H26N202) C’ H’ N.

(28)-2-[(3R)-3-[[(9-Fluorenylmethoxy)carbonyl]amino]-
2-oxopyrrolidin-1-yl]-4-methylpentanoic Acid (5). Com-
pound 3 (0.52 g, 1.65 mmol) was treated twice with 2 M HCl/
dioxane (5 mL) (1 h, 3.5 h) until no starting material was visible
by TLC (B). The solvent was evaporated in vacuo and residual
solid washed with ether to give (28)-2-[(3R)-3-amino-2-0xopy-
rrolidin-1-yl]-4-methylpentanoic acid hydrochloride (4),
0.41 g (99%), mp 207-209 °C. This hydrochloride salt (0.34 g,
1.36 mmol) was dissolved in 10% aqueous Na;CO; (5 mL) and
the solution cooled in an ice bath. A solution of 9-fluorenyl
chloroformate (0.39 g, 1.51 mmol) dissolved in dioxane (2.5 mL)
was added, and after stirring of the solution for 2.5 h at room
temperature it was poured into water (75 mL) and washed with
diethyl ether (2 X 3 mL). The aqueous phase was acidified by
addition of concentrated hydrochloric acid until pH 1-2 and the
product was extracted with ethyl acetate (2 X 50 mL). Theorganic
phases were washed separately with water, combined, and dried
over sodiumsulfate. Evaporation of the solvent gave an oil which
crystallized on standing. The solid was washed with hexane and
dried to give § (0.32 g, 53%): mp 130 °C; [«)®p +18° (¢ = 0.2,
MeOH); TH NMR (360 MHz, CDCl;) 67.74 (2H, d, J = 7.5 Hz,
aryl),7.58 (2H,d,J = 7.4 Hz, aryl), 7.39 (2H, t,J = 7.3 Hz, aryl),
7.30 2 H, t,J = 7.5 Hz, aryl), 6.66 (1 H, vbrs), 567 (1 H,d, J
= 5.4 Hz),4.85 (1 H, br t),4.38 (3H, m), 421 (1 H, t,J =6.95
Hz), 3.7 (1 H, brs), 3.48 (1 H, br t), 2.66 (1 H, br s), 1.89 (1 H,
brt), .77 2H,t,J =6.9 Hz), 1.49 (1 H,brm), 094 6 H, t, J
= 7.15 Hz, (CH3):CH). Anal. (C2sH2N:050.25H;0) C, H, N.

Cyclo(Gln-Trp-Phe-(R)-Gly[ANC-2]Leu-Met) (I). Pro-
cedure B. (a) Functionalized Resin 4-HOCH,CH,CO-Ala-
resin (HOMB-Ala-resin) (6). Polydimethylacrylamide resin
(Cambridge Research Biochemicals; 2.96 g, 2.96 mmol of func-
tional sarcosine methyl ester) was treated with diaminoethane
for 16 h. The resin was washed on a Vega TM 250¢ solid-phase
peptide synthesizer with wash cycle A (DMF, 10 X 1 min; 10%
diisopropylethylamine in DMF, 3 X 1 min; DMF, 10 X 1 min).
To the resin was added the preformed symmetrical anhydride
of Fmoc-L-Ala (8.9 mmol) dissolved in DMF (20 mL) for 40 min.
The resin was washed with wash cycle B (DMF, 10 X 1 min; 20%
piperidine in DMF, 3 min + 7 min; DMF 10 X 1 min) followed
by addition of the preformed symmetrical anhydride of 4-(hy-
droxymethyl)benzoic acid (8.9 mmol) dissolved in DMF (20 mL)
for 40 min and finally wash cycle A.

(b) Intermediate Resin Boc-(R)-Gly[ANC-2]LeuMet-
OMB-resin (7). The resin (6) was acylated with the preformed
symmetrical anhydride of Fmoc-Met (8.9 mmol) in the presence
of NMM (8.9 mmol) and a catalytic amount of DMAP (0.89 mmol)
in DMF (20 mL) for 20 min, followed by deprotection with wash
cycle B and acylation with (25)-2-[(3R)-3-[(butoxycarbonyl)-
amino]-2-oxopyrrolidin-1-yl]-4-methylpentanoic acid [Boc-(R)-
Gly[ANC-2]LeuOH! (3) (5.9 mmol)] [previously preactivated
with DCC (5.9 mmol) and HOBt (5.9 mmol) for 30 min at 0 °C
in CH;Cly/DMF (2:1)] in DMF (25 mL) for 16 h. Excessreagents
werecthen removed using wash cycle A followed by washing with
CH.Cl..

(c) Boc-GIn-Trp-Phe-(R)-Gly[ANC-2]Leu-Met-OMB-res-
in (8a). The tert-butoxycarbonyl group was removed from 7 by
treatment of the resin with TFA/CH,Cl; (1:1) containing 1%
ethanedithiol (5 and 25 min). The resin was then washed with
CH,Cl; followed by wash cycle A and coupled with the preformed
symmetrical anhydride of Fmoc-Phe (8.9 mmol) for 1.25h. After
washing with DMF (5 X 1 min) the resin was divided into two
separate portions. One portion (2.4 mmol) was deprotected using
wash cycle B followed by acylation with the symmetrical
anhydride of Fmoc-Trp (7.08 mmol) for 45 min in DMF (15 mL).
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The resin was washed with wash cycle B, acylated with Boc-
GIn-ONp (7.10 mmol) in DMF (30 mL) in the presence of HOBt
(7.14 mmol) for 120 min, followed by washing with wash cycle
A. Finally the resin was washed successively with CH;Cl, and
diethyl ether before being dried under the vacuum of an oil pump
to give protected resin 8a (4.38 g). Amino acid analysis: (see
Table III).

(d) Boc-Gln-Trp-Phe-(R)-Gly[ANC-2]Leu-Met-NHNH
(9a) (Procedure B). Resin 8a was treated with 5% hydrazine
hydrate in methanol (70 mL) for 16 h. The solution was filtered
and the filtrate evaporated to dryness followed by desiccation of
the residue under the vacuum of an oil pump over concentrated
sulfuric acid (24 h). The protected peptide hydrazide 9a was
obtained, 1.71 g, estimated purity =95% (HPLC, tgr = 16.2 min).

(e) Gln-Trp-Phe-(R)-Gly[ANC-2]Leu-Met-N; Hydrochlo-
ride (11a). The protected peptide hydrazide 9a (1.69 g, 1.83
mmol) was treated with anhydrous TFA (100 mL) for 30 min.
Evaporation gave a foam which was dissolved in DMF (40 mL)
and cooled to -25 °C under an atmosphere of nitrogen. HCI
(12.7 M) in THF (0.72 mL) was added followed by isopentyl
nitrite (0.37 mL, 2.75 mmol) and the resultant solution stirred
at —25 °C for 2 h to give the peptide acyl azide 11a (HPLC, tg
= 13.0 min).

(HCyclo(Gln-Trp-Phe-(R)-Gly[ANC-2]Leu-Met (I). The
solution of peptide acyl azide 11a was diluted with precooled
(-25 °C) DMF (3000 mL). Triethylamine was added dropwise
until pH 8.5 (ca. 10 mL) and the solution was left stirring at —25
°C for 20 h. The solvent was removed by evaporation in vacuo
and the residue, dissolved in CHCl; (175 mL), was washed with
water (2 X 175 mL). Each aqueous wash was back-extracted
with fresh CHCl; (50 mL). The combined CHCl; phases were
dried over Na,SO, and evaporated to dryness. The residue was
chromatographed on silica gel (E. Merck, Lobar, Lichroprep,
size C) eluting the product with a linear gradient from CHCl;
(500 mL) to CHCly/MeOH/AcOH (85:10:5, 500 mL) at 5.4 mL/
min, with 2-min fraction collection. The fractions containing
product (46-51) were combined, evaporated, and chromato-
graphed in three separate portions by reverse-phase chroma-
tography (E. Merck, Lobar, Lichroprep, RP-8, size C). The
product was eluted with a linear gradient from H,O/CHsCN/
TFA (90:10:0.1, 1000 mL) to H:0/CH,CN/TFA (10:90:0.1, 1000
mL) at 5.4 mL/min, with 2-min fraction collection. The fractions
which contained pure material (81-86 incl) were combined and
freeze-dried to give I, 678 mg (see Table IV for analytical data
of final peptides).

Preparation of Cyclo(p-Ala-Phe-Phe-(R)-Gly[ANC-2]-
Leu-Met) (II). (a) Boc-D-Ala-Phe-Phe-(R)-Gly[ANC-2]Leu-
Met-OMB-Gly-resin (8b). Stock resin Boc-(R)-Gly[ANC-
2]Leu-OMB-Gly-resin (0.63 g, peptide loading = 0.56 mmol/g
determined by amino acid analysis, 0.35 mmol) prepared in an
analogous manner to that described for 7 was deprotected by
treatment with 50% TFA in CH:Cl; (containing 1% ethanedithi-
ol, 5 X 25 min) and the resin was neutralized (wash cycle A).
Successive acylation and deprotection cycles with (FmocPhe),0
(2.08 mmol, 1.75 h), (FmocPhe);0 (2.08 mmol, 2.25 h), and (Boc-
D-Ala);0 (2.08 mmol, 1 h) gave 8b, 0.71 g (0.32 mmol, Gly).

(b) Boc-D-Ala-Phe-Phe-(R)-Gly[ANC-2]Leu-Met-NHNH,
(9b). A portion of Boc-protected resin 8b (0.58 g, 0.26 mmol of
Gly, 0.22 mmol of Ala) was treated with 5% hydrazine hydrate
in methanol (16 h). The residual resin was removed by filtration,
which after washing and hydrolysis indicated that >98% of the
peptide had been cleaved. The filtrate and methanol washings
were evaporated in vacuo to remove remaining hydrazine to give
crude Boc-protected hexapeptide acyl hydrazide 9b (0.23
mmol): TLC (B) R;(CMA) 0.53; HPLC (tg = 19 min); estimated
purity = 95%; amino acid analysis, Ala, 1.02; Phe, 1.98; Met,
1.38.% An analytical sample was partially oxidized by treatment
with H20; in acetic acid which gave peaks on HPLC at 17.3 and
19.2 min, indicating that the unpurified sample of 9b above did
not contain any methionine sulfoxide.

(¢) Cyclo(D-Ala-Phe-Phe-(R)-Gly[ANC-2]Leu-Met (II).
Crude 9b (0.32 mmol) was treated with 2.2 M HCl/dioxane (2 X
30 min) and evaporated to dryness (HPLC, 14.8 min). The
residual hydrochloride salt (242 mg, 0.30 mmol) was dissolved in
DMF (6.4 mL), and 4.2 M HCl/THF (1.5 mmol) was added and
the cooled solution (-25 °C) stirred under an atmosphere of
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nitrogen while isopentyl nitrite (0.06 mL, 0.45 mmol)was added.
After stirring at—25 °C for 4 h the solution was diluted by addition
of DMF (500 mL, 0.32 mmol, precooled to —25 °C) followed by
TEA (2.2 mL) to pH 8 and the solution kept at —30 °C for 64 h.
The solvent was removed in vacuo at 30-35 °C and the residue
chromatographed on silica gel (Merck, Lobar, size C, Si60) at 5
mL/min eluting with a gradient from CHCI; (500 mL) to CHCly/
MeOH/AcOH (85:10:5, 500 mL) to give the purified II (95.5 mg,
43.1%): HPLC, tg = 20.5 min; TLC (B) R; (CMA) 0.3, single
spot. The cyclic peptide was shown to be monomeric by
chromatography on Sephadex G-15 (estimated molecular weight
=575) and FAB-mass spectrometry. Anal. (CyeHNgOg0.5H;0)
C,H, N.

Cyclo(Gln-Phe-Phe-(R)-Gly[ANC-2]Leu-Met) (V). Meth-
od 1. Procedure B. Peptide V was prepared in an analogous
manner to that described for I (Scheme II, procedure B): amino
acid analysis, Glu, 0.98; Phe, 2.05; Met, 0.97; FAB-MS negative
ion m/e 748 (M — H), positive ion m/e 750 (M + H).

Method 2. Attempted Alternate Ring-Forming Strategy.
H-(R)-Gly[ANC-2]Leu-Met-Gln-Phe-Phe-OMB-Ala-resin.
Resin 6 (0.98 g, 0.89 mmol) was acylated successively with
(FmocPhe);O/NMM/DMAP (1:1:0.1) (5.2 mmol, 20 min),
(FmocPhe),0 (5.2 mmol, 45 min), and Fmoc-GInONP/HOBt (1:
1) (2.85 mmol, 1.5 h) to give the protected resin-bound tripeptide
(1.37 g) A portion of this resin (0.68 g) was acylated with
(FmocMet);0 (2.6 mmol, 65 min) and Boc(R)-Gly[ANC-2]-
LeuOH/HOBt/DCC (1:1:1) (0.88 mmol, 60 min) and finally
deprotected using 50% TFA/CH;Cl; (containing 1% ethanedithi-
ol, 5 + 25 min) washed with CH,Cl, and diethyl ether and dried
in vacuo to give 0.87 g of the dried resin: amino acid analysis,
Glu, 1.10; Ala, 1.00 (0.42 mmol); Phe, 2.05.

Attempted Cyclization To Give V. The dried resin above
was treated with 5% hydrazine hydrate in methanol (16 h) at
room temperature and then the solution was filtered. The
residual resin was washed with DMF (50 mL), and the combined
filtrates were evaporated to give (R)-Gly[ANC-2]Leu-Met-Gin-
Phe-Phe-NHNH; (475 mg; HPLC, tg = 12.8 min, estimated purity
>95%). The hydrazide dissolved in DMF (12.8 mL) was cooled
to—25 °C under an atmosphere of nitrogen, followed by addition
of 7.2 M HCY/THF (0.42 mL, 3 mmol) and isopentyl nitrite (0.122
mL, 0.91 mmol). After 3.5 h at —25 °C HPLC indicated that
formation of the acyl azide (16.3 min) was almost complete. The
solution was diluted with precooled DMF (600 mL) and TEA
(1.3 mL) added until pH 8.5. After 3.5 days the solvent was
removed in vacuo; however no material corresponding to cyclic
peptide had formed (as indicated by both TLC and HPLC).

Cyclo(GIn-Npa-Phe-(R)-Gly[ANC-2]Leu-Met) (VI). The
N-tert-butoxycarbonyl-protected peptide hydrazide 9f was pre-
pared in a manner similar to that described for 9a. Fmoc-Met,
Boc-(R)-Gly[ANC-2]LeuOH, and Fmoc-Phe were coupled onto
the solid-phase resin under conditions identical with those
described for I. At the appropriate stage in the solid-phase
synthesis was coupled N-[(9-fluorenylmethoxy)carbonyl]-L-2-
(1-naphthyl)alanine [Fmoc-Npa, prepared from commercially
available L-3-(1-naphthyl)alanine (Chemalog) by treatment with
fluorenylmethyl chloroformate in aqueous sodium carbonate, mp
181-183 °C, [a]?®*5p —78.6° (¢ = 0.87, DMF)] as the preformed
symmetrical anhydride for 1.25 h. Boc-GIn-ONP was finally
coupled to the resin after prior removal of the Fmoc group (wash
cycle B). The crude peptide hydrazide (9f) was obtained by
treatment of the resin with 5% hydrazine hydrate in methanol
for 16 h followed by filtration and evaporation of the filtrate and
exhaustive drying in vacuo. Removal of the N-tert-butoxycar-
bonyl group from the peptide hydrazide was performed with 2.3
M HCl/dioxane followed by cyclization under the standard
conditions described earlier. Purification of the crude cyclic
peptide was performed using silica gel chromatography (E. Merck,
Lobar, size C, column gradient from chloroform (1000 mL) to
chloroform/methanol/acetic acid (85:10:5; 1000 mL) followed by
recrystallization from ethyl acetate/hexane to give VI with an
estimated purity = 97.2% (HPLC).

Cyclo(Gln-p-Trp-(N-Me)Phe-(R)-Gly[ANC-2]Leu-Met)
(IX) and Cyclo(Gln-D-Trp-(N-Me)Phe-(R)-Gly[ANC-2]Leu-
Met); (X). Resin 7 was deprotected and coupled sequentially
with Fmoc-(N-Me)Phe (1.5 h) and Fmoc-D-Trp (22.5 h) as their
corresponding symmetrical anhydride and Boc-GIn-ONp (2 h)



10 Journal of Medicinal Chemistry, 1993, Vol. 36, No. 1

coupled in the presence of HOBt. After washing, the protected
peptide was removed from the resin by treatment with 5%
methanolic hydrazine hydrate (procedure B). The protected
peptide hydrazide 91 obtained after evaporation of the filtrate
was deprotected and cyclized as described. Analytical HPLC
(u-Bondapak) indicated the presence of two major products.
These were separated by silica gel chromatography and crys-
tallization. The earlier eluting product on analytical HPLC (u-
Bondpak), IX, was characterized as the monomeric éyclic peptide
hy both mass spectrometry [FAB, positive ion m/e 825 (M +
Na), negative ion m/e 801 (M - H)] and gel filtration (Sephadex
G-15,in50% aqueous acetic acid; see later text) and was consistent
with the structure suggested by 'H NMR (360 MHz).

" Thelater eluting peak isolated by HPLC, X, was characterized
as the dimeric material (B) by both mass spectrometry [FAB
positive ion m/e 1628 (M + Na)] and gel filtration (Sephadex
G-15, in 50% aqueous acetic acid) and was consistent with the
structure suggested by !H NMR (360 MHz).

Cyclo(Gly-GIln-Trp-Phe-(R)-Gly[ANC]Leu-Met). (XVI)
(Procedure A). The preparation of the protected peptide resin
8p was similar to that described earlier except that Fmoc was
used to protect the final residue (instead of Boc) and this terminal
protecting group was removed prior to removal of the peptide
from the solid-phase resin to give peptide hydrazide 10p. Thus
resin-bound protected peptide Fmoc-Trp-Phe-(R)-Gly[ANC-2]-
Leu-Met (0.48 mmal, obtained during the preparation of I was
deprotected (washicycle B) and acylated using Fmoc-GIin-ONp
in the presence of HOBt in DMF (20 mL) for 60 min. After
deprotection of the resin (wash cycle B) it was acylated using the
preformed symmetrical anhydride of Fmoc-Gly (2.85 mmol) for
1 h and finally deprotected (wash cycle B). The deprotected
peptide was cleaved from the resin with hydrazine hydrate (5%
in methanol; 50 mL) for 16 h. The solution was filtered and
exhaustively dried to remove the hydrazine. The crude peptide
hydrazide was cyclized as described earlier and was purified
chromatographically by gradient elution on silica gel [E. Merck,
Lobar, size C, 44 mL/min from chloroform (500 mL) to
chloroform/methanol/acetic acid (85:10:5; 500 mL)] to give XVI
with estimated purity = 97.5% (HPLC).

-Cyclo(Gln-Trp-Phe-Gly-Leu-Met) (XVII). Method 1. The
resin-bound peptide was prepared by the sequential coupling of
resin 6 with Fmoc-Met, Fmoc-Leu, Fmoc-Gly, Fmoc-Phe, and
Fmoc-Trp preformed symmetrical anhydrides and Boc-Gln-ONp
active ester in an analogous fashion to that described earlier.
The peptide was removed from the resin (5% hydrazine hydrate
in methanol, 16 h), deprotected (2.3 M HCl/diozane, 45 min),
and cyclized (as described for I).” The crude cyclic peptide was
purified using silica gel chromatography under gradient condi-
tions (as described) and reverse-phase chromatography (Zorbax
ODS; 9.4 mm X 25 cm; eluting with a linear gradient between 40
and 60% aqueous acetonitrile containing 0.05% TFA at 4 mL/
min over 10 min). This gave XVII with an estimated purity >
98% (HPLC): amino acid analysis, Glu, 0.96; Gly, 1.03; Met,
0.80; Leu, 0.99; Phe, 1.02; FAB-MS, positive ion m/e 763 (M +
H), negative ion m/e 762 (M - H).

Method 2. (a) Preparation of Resin-Bound Protected
Peptide Fmoc-Leu-Met-Gln-Trp-Phe-Gly. Functionalized
polydimethylacrylamide resin 6 (1.1 mequiv/g, 5 mmol) was
sequentially acylated with (Fmoc-Gly),O/NMM/DMAP (1:1:0.1)
(30 mmol, 60 min), (Fmoc-Phe);0 (15 mmol, 30 min), (Fmoc-
Trp)<0 (10.6 mmol, 40 min), Fmoc-Gln-ONP/HOBt (1:1) (5 mmol,
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30 min), (Fmoc-Met),0 (15 mmol, 30 min), and (Fmoc-Leu);0
(15 mmol, 45 min). The resin was washed with DMF (5 X 1 min)
and then divided into two portions (2 and 3 mmol divided by
volume). The larger portion (3 mmol) was used below (b).

(b) Deprotection and Cyclization Conditions. A portion
of the above resin (3 mmol) was deprotected (wash cycle B) and
cleaved by analogy with 8p to give the crude deprotected
hexapeptide hydrazide (1.72 g, 2.16 mM) after desiccation over
H380,and P,05; HPLC, tg = 13.4 min. This residue wasdissolved
in DMF (50 mL) and 9.3 M HCl/THF (1.16 mL, 10.8 mmol) and
was cyclized as earlier togive the crude cyclic hexapeptide (X VII)
(1.26g), HPLC, tgr = 16.9 min. A sample of this material (50 mg)
was purified by repeated reverse-phase chromatography on
Lichroprep C-18 (25-40-um particle size) eluting the product
with a linear gradient of H:O to H,O/CH;CN/TFA to yield
purified cyclic peptide (XVII) 40 mg.

Molecular Weight Determination by Gel Filtration. The
apparent molecular weight was estimated by gel permeation
chromatography in 50% aqueous acetic acid with a Sephadex
G-15 column (1.6 X 83.5 cm). Peptide fragments structurally
related to substance P were used as molecular weight standards
and were substance P triacetate (1528), Phe-Phe-Gly-OEtacetate
(458),-363,851% (744), phenylalanine acetate (225). Theeffluent
(0.34 mL/min) monitored at 254 nm allowed determination of
apparent molecular weight as described by Andrews.* The void
volume (V) was determined by the volume of elution of Dextran
Blue. The results of the determination were (peptide, apparent
MW, theoretical MW) as follows: II, 575, 692.9; III, 531, 678.8;
IV, 569, 692.9; VIII, 638, 789.0; IX, 661, 803.0; X, 1148, 1606.0.

Biological Assays. The biological assays for NK-1, NK-2,
and NK-3 have been described previously.” NK-1 assays used
the isometric contraction of the longitudinal muscle of the small
intestine from 300-400-g male Dunkin-Hartley guinea pigs
(Bantin and Kingman) in Krebs—~Henseleit solution at 37 °C, in
the presence of atropine, mepyramine, methysergide (all 5 uM),
and indomethacin (1 uM). NK-2 assays used the electrically
stimulated contractions of the vas deferens from 200-300-g
Sprague-Dawley rats using rectangular bipolar pulses of supra-
maximal voltage. NK-3 assays used measurement of the fre-
quency and amplitude of the myogenic contractions from
longitudinal strips of the portal vein from rats (source as above).
In all cases above, the measurement of antagonist activity was
derived from the rightward shift of log dose~response curves to
eledoisin. Schild regression analysis‘! using three or more
observations at each of three or more antagonist concentrations
were used to derive pA; values. Where solubility or affinity of
the test compound were limiting factors, estimates of apparent
pA; were made at a single concentration of antagonist, from the
standard equation for the Schild analysis assuming unit slope.
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