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Table I. Antileukemic Activity of Derivatives of Chrysophanol
and Emodin Bearing Alkylating Potential

L1210:
compd X R! R? R? ID;o, uM
5a-1 H H Me Me 128.3
5a-11 H H H (or Me) Me (or H) 11.9
5a-II1 H H H H 2,75
6a-1 OH H Me Me >50
6a-II OH H H (or Me) Me (or H) 23.4
6a-III OH H H H 5.92
7a-1 Cl H Me Me 12.5
7a-11 Cl H H (or Me) Me (or H) 1.40
7a-1ll Cl H H H 0.13
5b-1 H OMe Me Me 6.91
5b-1I1 H OMe H H 1.16
6b-1 OH OMe Me Me >27.6
6b-III OH OMe H H 13.7
7b-1 Cl  OMe Me Me 2.66
7b-11 Cl OMe H (or Me) Me (or H) 1.75
7b-1I1  Cl OMe H H 0.023

chrysophanol (1a) >393
emodin (1b) 13.3

hypothesis. The presence of both the potent intercalating
and alkylating functionalities in the molecule (e.g., 7a,b-III)
maximizes the activity. Lack of one of these functionalities
(e.g., 7a,b-1, which lack potent intercalating capability due
to the presence of two bulky methoxy groups, or 1a,b,
which lack the alkylating potential) greatly reduced the
cytotoxicity. The activity of 1- or 8-mono-O-methyl-
anthraquinones 7a,b-II falls between that of the 1,8-di-
hydroxy (7-III) and 1,8-dimethoxy (7-I) analogues. It is
also interesting to note that the diethylamino derivatives
5a,b-I1I exhibited significant activity whereas the 1,8-di-

O-methylated analogues 5a,b-I showed little cytotoxicity.
Due to the presence of basic nitrogen in the molecule,
5a,b-III can interact more strongly with DNA than the
corresponding unmodified natural products, 1a,b.® The
1,8-di-O-methylated derivatives did not interact with DNA
most probably due to the presence of two bulky methoxy
groups.? A very preliminary in vivo test using BDF mice
with transplanted L.1210/0 leukemia and using a procedure
previously described!® showed that 7a-III produced an
increase in life span of 29% at 25 mg/kg per day X 5.

Studies on the synthesis and biological activities of po-
tential intercalators with alkylating capability are currently
under way, and a report on further details will be forth-
coming.

(10) A modification of the technique of Fischer (Ann. N.Y. Acad.
Sci. 1958, 76, 673) was employed for cell culture studies.
Burchenal, J. H.; Chou, T.-C.; Lokys, L.; Smith, R. S.; Wa-
tanabe, K. A,; Su, T.-L.; Fox, J. J. Cancer Res. 1982, 42, 2598.
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Molecular modeling methods have been used to design a novel series of conformationally constrained cyclic peptide
inhibitors of human renin. Three goals were defined: enhanced inhibitory potency, high specificity for renin, and
increased metabolic stability. Three cyclic compounds were synthesized with ring sizes 10, 12, and 14, based upon
a linear hexapeptide inhibitor with a reduced amide replacing the scissile bond at the active site. When tested,
the 14-membered-ring compound was as potent an inhibitor of human renin as the parent while the 12-membered-ring
compound was 6-fold more potent than the parent against mouse renin. However, the 10-membered-ring compound
was inactive against both renins. The lack of potency of the 10-membered compound was explained by using NMR
and molecular modeling techniques. It forms another conformation in solution that is inconsistent with binding
at the active site. The cyclic compounds did not inhibit either pepsin or cathepsin D significantly. The cyclic
modification rendered these inhibitors significantly resistant to cleavage by chymotrypsin and thus prevented loss
of activity by this enzyme. Thus, the goals of enhanced inhibitory potency, high specificity, and metabolic stability
were achieved in the series of compounds.

The aspartic proteinase renin selectively cleaves the
protein substrate angiotensinogen to produce a deca-
peptide angiotensin I, which is converted by the angio-
tensin converting enzyme to the potent pressor peptide
angiotensin II. Inhibitors of angiotensin converting enzyme

have proved to be important modulators of blood pres-
sure.!? Renin inhibitors should exhibit similar antihy-

(1) Cushman, D. W.; Ondetti, M. A. Prog. Med. Chem. 1980, 17,
41. ;
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pertensive activity. A number of potent renin inhibitors
have been reported? that are modifications of the amino
acid sequence of angiotensinogen around the site of
cleavage by renin. We have been synthesizing a variety
of renin inhibitors* in which the scissile bond Leu P;-Val
P, was replaced by the isosteric reduced amide bond.® All
the compounds that have been reported are basically
peptides which tend to be metabolically unstable and
poorly absorbed; none has as yet been found suitable for
the clinical treatment of hypertension.

If we wish to depart from a peptide theme for renin
inhibitors, it would be very valuable to know the three-
dimensional structure of human renin and that of its
substrates and inhibitors bound to it. This information
is not available from X-ray crystallographic experimental
sources.

In the absence of experimental structures, comparative
modeling techniques have been used to construct three-
dimensional structures for a wide variety of proteins of
biological interest from homologous proteins whose
structure is known.®!® This method has been applied to

(2) Patchett, A. A.; Harris, E.; Tristram, E. W.; Wyvratt, M. J.;
Wu, M. T.; Taub, D.; Peterson, E. R.; Ikeler, T. J.; ten Broeke,
J.; Payne, L. G.; Ondeyka, D. L.; Thorsett, E. D.; Greenlee, W.
d.; Lohr, N. S.; Hoffsommer, R. D.; Joshua, H.; Ruyle, W. V,;
Rothrock, J. W.; Aster, S. D.; Maycock, A. L.; Robinson, F. M,;
Hirschmann, R.; Sweet, C. S.; Ulm, E. H.; Gross, D. M.; Vassil,
T. C.; Stone, C. A. Nature (London) 1980, 288, 280.

(3) Boger, J. Annu. Rep. Med. Chem. 1985, 20, 257.

(4) Plattner, J.; Greer, J.; Fung, A. K.; Stein, H.; Sham, H. L.;
Smital, J. R.; Kleinert, H. D.; Perun, T. J. Biochem. Biophys.
Res. Commun. 1986, 139, 982.

(5) Szelke, M.; Leckie, B. J.; Hallett, A.; Jones, D. M.; Sueiras, J.;
Atrash, B.; Lever, A. F. Nature (London) 1982, 299, 555.

(6) Browne, W. J.; North, A. C. T.; Phillips, D. C.; Brew, K.; Va-
naman, T. C.; Hill, R. L. J. Mol. Biol. 1969, 42, 65.

(7) McLachlan, A. D.; Shotton, D. M. Nature (London) New Biol.
1971, 229, 202.

(8) Greer, J. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 3393.
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human and mouse renins by a number of groups!*!” and
provides a tentative model structure upon which new renin
inhibitors may be designed. Accordingly, we applied
comparative modeling methods to produce three-dimen-
sional model structures for human and mouse renin.

Utilizing these model structures, we have designed a
series of conformationally restricted peptides. Our par-
ticular goals were the following: (i) to achieve at least
equipotent binding to renin, (ii) to retain high specificity
for renin, and (iii) to increase metabolic stability. In this
paper, we report the design and synthesis of a novel series
of cyclic peptides with ring sizes 10, 12, and 14. The en-
zyme inhibition properties are presented and discussed in
light of the solution conformation of these compounds and
the three-dimensional model structures of renin. The
influence on specificity for renin and metabolic stability
are also examined.

Chemistry. Schemes I and II give the detailed mul-
tistep sequences used to synthesize the cyclic molecules

(0] CH;NI‘X( Jle-His-OMe
N
0 n=

N 4
BOC-Phe” ™"~ (¢, yn 5 n=

[l
~1 L W

(9) Greer, J. J. Mol. Biol. 1981, 153, 1027.

(10) Greer, J. J. Mol. Biol. 1981, 153, 1043.

(11) Greer, J. Ann. N.Y. Acad. Sci. 1985, 439, 44,

(12) Feldmann, R.; Bing, D. H.; Potter, M.; Mainhart, C.; Furie, B.;
Furie, B. C.; Caporale, L. H. Ann. N.Y. Acad. Sci. 1985, 439,
12.

(18) Greer, J. Science (Washington, D.C.) 1985, 228, 1055.

(14) Blundell, T.; Sibanda, B. L.; Pearl, L. Nature (London) 1983,
304, 273.

(15) Sibanda, B. L.; Blundell, T.; Hobart, P. M.; Fogliano, M,;
Bindra, J. S.; Dominy, B. W.; Chirgwin, J. M. FEBS Lett. 1984,
174, 102.

(16) Akahane, K.; Umeyama, H.; Nakagawa, S.; Moriguchi, L; Hi-
rose, S.; lizuka, K.; Murakami, K. Hypertension (Dallas) 1985,
7, 3.

(17) Carlson, W.; Karplus, M.; Haber, E. Hypertension (Dallas)
1985, 7, 13.
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Table I. Percent Identities in the Aspartic Proteinases®

Sham et al.

PEN RHI END PEP REN HRN
PEN - 37 59 30 21
RHI - 32 34 25
END - 35 22
PEP - 39
REN 70
HRN -

2Labels are as follows: PEN, penicillopepsin; RHI, rhizopuspepsin; END, endothiapepsin; PEP, pepsin; REN, mouse renin; HRN, human

renin.

Table II. Properties of the Linear and Cyclic Renin Inhibitors

IC507 ”'Ma
mouse porcine conformation chymotrypsin cleavage:
no. compound human renin renin pepsin  cathepsin D % trans % cis t1/2, min
Ps P2 Py P{ P2’ Py
1 Boc-F'he-His-LeuEVal-Ile-His-OMe 0.28 6.5 >10 (10) >10 (6) - -
2 Boc-Phe-Ala-Leu?Val-Ile-His-OMe 14 0.5 >10 (0) >10 (0) 100 0 10-15
3 Boc-F'heIAla'LeuF-{\/al-IIe-His—OMe 1.2 L0 >10 (0 >10 (24) 100 -
CH3
4 Boc-Phe[Ala-SerF-{\/al-Ile-His-OMe >100 (23) >100 >10 (0) >10 (0) 0 100 -
(CHp)g
5 Boc-Phe Ala-SerF} val-Ile- His-OMe 69 0.4 >10 (0) >10 (0) 20 80 -
(CH)s
6 Boc_Ph?Ala_SerF} Val-Tie -His-OMe 2.7 3.6 >10 (0) >10 (0) 50 50 not cleaved
(CHz)7
7 Iva-Val-Val- Sta=-Ala-Sta{pepstatin) 4.6 3.2 0.046 - -~ -~

¢ Numbers in parentheses are the percent inhibition at 103 M. These are reported when the inhibition was too weak to calculate an 1Cs,

value.

The synthetic scheme used to prepare the 10-mem-
bered-ring compound 4 is outlined in Scheme I. Treatment
of Cbz-L-serine with 2.2 equiv of sodium hydride!® at 0 °C
and sequential addition of allyl bromide (0 °C, 1 h) and
then methyl iodide (0 °C—room temperature, 2 h) afforded
8 (75%). Reduction of the methyl ester 8 to the primary
alcohol using diisobutylaluminum hydride and protection
of the resulting primary alcohol with chloromethyl methyl
ether gave compound 10 (80%). Hydroboration of 10 using
9-BBN"® in THF followed by oxidative workup (H,0,/"
OH) gave exclusively the primary alcohol (35%), which was
oxidized by Swern’s method?® to the corresponding al-
dehyde 12. Reductive amination?' of 12 with alanine
methyl ester hydrochloride (NaCNBH;/2-propanol) and
sodium acetate as buffer provided the secondary amine 13,
which was protected as the Boc derivative by using di-
tert-butyl dicarbonate to give compound 14 (72%). The
methyl ester in 14 was hydrolyzed at 0 °C by using lithium
hydroxide/water/dioxane to give the carboxylic acid
(100%). Coupling of the carboxylic acid with penta-
fluorophenol (DCC/EtOAc) gave the active ester 15 in
97% yield. When 15 was added under high dilution con-
ditions?>"% to a dioxane solution (~90 °C) containing
Pd/C, pyrrolidinopyridine, and ethanol with continuous
bubbling of hydrogen through the solution, the cyclic di-
peptide equivalent 16a with a 10-membered ring was
formed in 70% yield. The high-resolution mass spectrum

(18) Sugano, H.; Miyoshi, M. J. Org. Chem. 1976, 41, 2352.

(19) Brown, H. C.; Rhodes, S. P. J. Am. Chem. Soc. 1969, 91, 4306.

(20) Omura, K.; Swern, D. Tetrahedron 1978, 34, 1651.

(21) Borch, R. F.; Hassid, A. L. J. Org. Chem. 1972, 37, 1673.

(22) Schmidt, U.; Lieberknecht, A.; Griesser, H.; Talbiesky, J. J.
Org. Chem. 1982, 47, 3261.

(23) Schmidt, U.; Lieberknecht, A.; Bokens, H.; Griesser, H. J. Org.
Chem. 1983, 48, 2680.

(24) Schmidt, U.; Lieberknecht, A. Angew. Chem., Int. Ed. Engl.
1984, 23, 3181.

of 16a (caled, 346.2105; found 346.2105) showed that there
was no dimer formation at higher molecular weight.
High-field (300 MHz) 'H NMR of 16a showed that it was
a single diastereomer. No racemization occurred during
the high dilution cyclization reaction.

The 12- and 14-membered-ring cyclic dipeptide equiv-
alents 16b and 16¢ were synthesized as shown in Scheme
II. Homologation of aldehyde 12 by the Wadsworth and
Emmons procedure® using sodium hydride and triethyl
phosphonoacetate gave 20 (90%). Hydrogenation followed
by reduction of the ester to the alcohol gave compound 22
(70%). Swern oxidation of alcohol 22 gave aldehyde 23.
Via the identical sequence of reactions as shown in Scheme
I, aldehyde 23 was converted to the 12-membered-ring
cyclic dipeptide equivalent 16b (50% cyclization step).
Starting with aldehyde 12 but replacing triethyl phos-
phonoacetate with triethyl phosphonocrotonate and fol-
lowing the sequence of reactions shown in Scheme I and
Scheme II gave the 14-membered-ring cyclic dipeptide
equivalent 16c¢.

The target compounds 4, 5, and 6 were synthesized by
the following sequence of reactions using 16a, 16b, and 16¢c
as starting material, respectively: (1) HCl/MeOH; (2)
Boc-Phe-NOS/CH,Cly; (3) (COCl),/DMSO/EtsN; (4)
NaCNBH;/valine benzyl ester hydrochloride/2-
propanol/NaOAc; (5) H,/10% Pd/C; (6) DCC/HOBt/
Ile-His-OCH3-2HCL.

The syntheses of the other molecules presented in Table
II have already been described.® For synthetic ease, an Ala
has been substituted for the naturally occurring His at
position P, in the inhibitors discussed here. The effect on
activity of this substitution is relatively small; a reduction
in inhibitory potency of only a factor of 5 (Table II, com-
pare 1 and 2) was observed.

(25) Wadsworth, W. 8., Jr.; Emmons, W. D. Org. Synth. 1965, 45,
44,
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Figure 1. Stereo representation of the active site region of the aspartic proteinases. The four experimentally determined structures
are presented: porcine pepsin (solid lines), penicillopepsin (short dashes), rhizopuspepsin (medium dashes), and endothiapepsin (long
dashes). The two active aspartates, 32 and 215, are drawn for all four molecules.

Molecular Modeling. A description is presented of the
three-dimensional models of human and mouse renin that
were used as the structural basis for the design of new
renin inhibitors. Major differences between the models
used here and those previously described!4” are indicated.
However, it is beyond the scope of this paper to present
a detailed comparison with the previously published
models.

The modeling techniques have already been described
in detail.3*13 The methods and results differ from previous
modeling studies on human and mouse submaxillary gland
renin'*!7 because of the inclusion of the porcine pepsin
structure.?® All the experimentally determined three-
dimensional structures for aspartic proteinases were as-
sembled, including three fungal enzymes, penicillopepsin,’
rhizopuspepsin,?® and endothiapepsin,?® as well as the
mammalian porcine pepsin.?® The structures were aligned
onto each other in three-dimensional space so that their
conserved structures were maximized. The overlapped
structures show that therc are structurally conserved re-
gions (SCRs) among all the four structures and variable
regions (VRs) which differ among the known structures.
This is comparable to the situation found for the serine
proteases.” As might be expected, the three fungal en-
zymes are more closely related while the mammalian
pepsin structure differs somewhat from the others.

When the immediate region of the active site of these
aspartic proteinases is examined (Figure 1), the structures
appear to be more highly conserved than in the rest of the
molecule, as expected. Pepsin still differs from the fungal
enzymes; however, in some cases, this may be due to the
lesser degree of refinement of the pepsin structure than
the other fungal proteases.

The sequences, as available, for these proteins were then
compiled so that residues that occupied the same positions
in the SCRs were aligned (Figure 2). The two renin se-
quences were then aligned to those of the known structures
as follows. As previously described,®®'3 the unambiguous
sequence homologies that lie in the SCRs were aligned first.
Then the rest of the SCRs were aligned without permitting
any additions or deletions. Where the length of the SCR
differed between the fungal enzymes and pepsin, the
shorter SCR extent was used. The remaining portions of

(26) Andreeva, N. S.; Zdanov, A. S.; Gustchina, A. E.; Fedorov, A.
A. J. Biol, Chem. 1984, 259, 11 353.

(27) James, M. N. G.; Sielecki, A. R. J. Mol. Biol. 1983, 163, 299.

(28) Bott, R.; Subramanian, E.; Davies, D. R. Biochemistry 1982,
21, 6956.

(29) Pearl, L.; Blundell, T. FEBS Lett. 1984, 174, 96.

the sequence form the VRs. These sections were aligned
to the known structure that best fit that sequence in terms
of VR length and residue character. The resulting align-
ment appears in Figure 2.

Table I shows the percent identity between the various
sequences of the aspartic proteinases including those of
human and mouse submaxillary gland renin, calculated
from the alignment in Figure 2. Clearly, the renin se-
quences are much closer to porcine pepsin than they are
to any of the fungal enzymes. A second method of com-
paring these molecules takes advantage of the variability
among related proteins in the nature of their VRs, where
all the additions and deletions typically occur.’ Because
the SCRs differ in size between the fungal enzymes and
pepsin (Figure 2), a simple straightforward comparison of
all the VRs among the species is not possible. However,
it is clear that in this respect the renins are also much more
closely related to pepsin. For the VRs around residues
196-210 and 286-300, as well as for the long region from
252-283 where the pepsin structure differs from the fungal
enzymes, sequence length and homology show a closer
relationship of the renins to pepsin than to the fungal
proteases. The above considerations suggest that the
pepsin structure should be weighted more heavily in the
modeling process. However, since the pepsin structure has
not been as fully refined as the other aspartic proteinase
structures, it probably should not be used exclusively.

Using this sequence alignment for the renins, we con-
structed the three-dimensional models. In general, the
main chain coordinates for the SCRs were taken from the
pepsin structure, with the exception of the immediate
active site area, which was taken from the better refined
penicillopepsin structure. This consisted of residues 30-38
and 210-222, including the two active site aspartates, 32
and 215.

The value of including the pepsin structure in the
modeling is illustrated by the close relationship between
the renin sequences and pepsin in two of the VRs that lie
in the immediate region about the active site and certainly
interact with substrates and inhibitors. One, which lies
at positions 70-80, is known as the flap because, presum-
ably, it must move to allow the substrate or inhibitor to
bind and then folds down over the substrate or inhibitor
to interact with it. It has been shown to interact with
inhibitors in the crystal and to change its conformation
upon such binding.3*3* The flap has very different lengths

(30) Misono, K. 8.; Chang, J.-J.; Inagami, T. Proc. Natl. Acad. Sci.
U.S.A. 1982, 79, 4858.
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PNO 19 15 20 25 30 35 PNO
PEN AASG -NDEEYITPVTIGl--[GTTLNLCNFDTGSA PEN
RHI A GV G SINDVEYYGQVTIG|ITP[GKSFNLNFDTGSS RHI
END - - AG SILDDAYIVVIQLGITPAATLNLNFDTGSA END
PEP - - - - YUD|TEYFGTIGIGITPAGIDFTVIFDTGSS PEP
REN - - - - YLNSQYYGEIGIGITPPQTFKVIFDTGSA REN
HRN L NG T YyMDITOYYGEI1GIG|TPPQITFKVVEDTGSS HRN

* ok ok ok k  k k N % Kk X X
PNO 40 45 50 5 60 §5 79 PNO
PEN B LWVFS|TELP-A-5S00SGRSVYNPSAT-=-[GKEL|SGVTWS T PEN
REI NLWVAS[VTCK-5-G6CKGGRDKYNPSDSSTIYKATIG-|YDWS 1 RHI
END DLWVFAG=--G-S-SNNSGHNVYNISAASSAISATLISTIGKWS I END
PEP N LWVPSIVYCS=-=S-LACSDHNQFN/PDDSST|FEAT|S-[0ELST PEP
REN NLWVPSTKCSRLYLACGI|HSL YE|SSDSSSIYMEN|G-[DDFT1 REN
HRN NV WVPSISKCSRLYTACVYVY[HKLFDASDSSS|YKHNG-[TELTL HRN
] dooe ok ok ok ok ok ok ok k% R
PNO 75 80 85 30 85 100 105 110 PNO
PEN TVY|GDGS[SASGNVFTDSVIVGEGVTIARGGAVAGAAQGISAQFAQ PEN
RHI G F|G-DGISASGVYLGKDMY1LGGIDITGGAQIALS|QRLGGGF - RHI
END A YAAGAISASGLNRDGTVIVGGYTAHGQAVYQAAA=-A-=-AF-A END
PEP TVYIGTG-ISMTGILGYDTV[EVGGISD|TNGIFGLS|ETEPGSFL PEP
REN HVYGSG=-[RVKGFLSQADSV|[TVGGITVITQTFGEVTIEL-PLIPF REN
HRN STG-|IVSGFLSADIIJTVGGITVIAOMFGEVTIEM-PALPF HRN
* ko ko ] LI I
PNO 115 120 125 130 135 140 145 PNO
PEN QD T[NND GLLGLAFSSINTIVAPQSQAFTTFF DB T VK|S -5-[CATPF PEN
RKI P -GIDNDGLLGLAFDTATITIT--KGS[TNAFDQLS|EQGS|VGQP RHI
END A QAJTNDGLLGLAFSSINTIVAGS -02NLFFVQGK|S-L-lAQTFP END
PEP Y YA[PFDGILGLAYPSI[SASG=---ATIPYVFDNLWDOGGL VS|aD PEP
REN MLAIQFDGVLGMGFPAQGAVGG=-=-=-VT|PVFDHIL|SQGVLEK|EK REN
HRN ML AJEFDGVVGEGMGFIEQAIGR -=-+-VT[PIFDNIIISAGVLKED HRN
w %k % ok ok ok k% R
PNO 150 155 160 165 170 175 180 185 PNO
PEN L AL - ---0-0-[PGVYDFGFI1D|SSKVYTGSLTYTGEVD PEN
RHL v v oL G-QSG-G-|GEGDFDFGGWIMNQGYGGTLVNTNLD RAI
END L v oL ----Q---QGVYDFGLI1DISSA|YTGSLNYTGUVA END
PEP L v oL N-D-D-5S-G]SVV[LLGGITDSSY[YTGSLNWYPVS PEP
REN  V Yy G-PHL-L-GIGEVIVLGGSDPEHWIYAGDFHYVSLS REN
HRN ¥ Yy DSENSQSLGIGOIIVLGGSDPQHYEGNFHYINLI HRN
PNO 130 135 200 205 210 215 220 PNO
PEN W|SQG[FWSF NVDISYTAG-5S-0SGD[GF---8GTADTGE&TTLLL PEN
RHI D|E - GIYWALNVDIGETVGGS-TVGG|GF -=-=-QG6ILDTGTSLLI RHI
END S|0-GFWSFNVDISYTAGSGSTIGD[VS=---SG1ADTGTTVLY END
PEP V{E - G{YWQITLD|SITMD-G-ETIACSGGC]AAIVDTGTSLLT PEP
REN K{T -D[SWaIlTMKIGVSVG-S-STLLCEEGCIEVYVVDTGSSFTIS REN
HRN k|7 -6lywalaMKlGVsSve-5-STLLCEDGCLLALVDTIGASYTIS HRN
* W * kW kK %k k% ok X % ok W %
PNO 225 230 235 240 245 250 255 PNO
PEN TDIDSVVSQYYSQVSGAQQADSNAG -G FDC|SSSV=-PD[FSV PEN
RHI L PINNIAASLVAFGAG=---DEAGA-=-G 1 ACITSASFEKP|IFPW RHI
END LP[TSVVSAYYSQVSGA-TDSAAG- -G 1T7TClDG-1L-Ta{MPA END
PEP GP/[TSAIAINLI1QOSDIGA-SENSDGEM scf[-ss-1-DSTPFD PEP
REN APITSSLKLIMOQA-LGAS=-KEEKRLGHEY Scl-sa-ve-PTLPD REN
HRN SiITSSTEKLMEA-LGA-K=-KRLFDY KCi-NE-G=-=PTLPD HRN
*
PNO 260 265 279 275 280 285 290 PNO
PEN ST EECVYTAT VPGS T T -N|YGPSG-N-GST-[CLEETOSINSG-=- PEN
RKl SFDGAIFE=~TII-fTST]-S[@QNEDD=-=G-A=---[CTAAFGE|RTG-=- RHI
END GV GSTKAS-V[P-{LST-AYGGQAG-N-GSSGICLGGI1QaS|AAG- END
PEP TVFTIDGVAYP - -LSPSAYILQAD -D-DS--{CTS[GFEGMDJVP PEP
REN I SFNLGGRAYT-LSSTDYVLAYPNRRDEKL[CTV[ALHAMDIP REN
RN 1 SFHLGGKEYT-LTSADYIFQESYSSKKL[CTLIATHAMDTIP HRN
Kok ok ow ok k k ok
PNO 295 300 305 310 315 320 325 PNO
PEN - == 1 GFIETFGDTFLKSQYVVFD|SDGIPQLGEF AP|QA PEN
RHI - - --GE{AI LGDTFLKNNYVVFNGGUVPEIQIAP[VA RH1
END - --1GULILIFGDIFIKASYVVFDISNNPNLGFATP|AA END
PEP T SSGELWJIILGDVYFIRQYYTVFDRANNKVGLAP|VA PEP
REN PPTGPVWIVLGATFIRKFYTEFDIRHNNRYGEFAL[AR REN
RN P PTGPTWALGATF I I RKFYTEFDIRRNNRIGEATL|AR HRN
% %k e ok ko sk

Figure 2. Sequence alignment for the four structurally determined aspartic proteinases: penicillopepsin (PEN), rhizopuspepsin (RHI),
endothiapepsin (END), and porcine pepsin (PEP). This alignment is based upon the correspondence of the three-dimensional structures.
The pepsin numbering is included at the top for reference (PNO). This numbering is used for all agpartic proteinases in this paper.
The SCRs for these proteins are enclosed in boxes. The two renin sequences, mouse (REN) and human (HRN), have been aligned
to the other aspartic proteinases as described in the text. The asterisks under the human renin sequence denote those residues in
the immediate active site included in the energy calculations. The sequences for the fungal enzymes and pepsin were taken from the
reported X-ray structures.282® Mouse submaxillary gland renin was from Misono et al.* and human renin from Imai et al.*! and Soubrier
et al.32 Residues are represented by the single letter code following the IUPAC-IUB convention: A = Ala, C = Cys, D = Asp, E =
Glu, F = Phe, G = Gly, H = His, I = Ile, K = Lys, L = Leu, M = Met, N = Asn, P = Pro, Q = GIn, R = Arg, S = Ser, T = Thr, V

= Val, W= Trp, Y = Tyr.

and conformations in the known aspartic proteinases
(Figures 1 and 2); however, the renin and pepsin molecules
have the same length flap and very similar residue types
in the flap.

The second VR consists of residues 295-300. This loop
is four to five residues shorter in all three fungal enzymes
(Figures 1 and 2). In pepsin, the loop is the same length
as in the renin sequences and there is even some sequence
homology. However, the occurrence of a relatively unique
Pro-Pro-Pro sequence in both human and mouse renins

(31) Imai, T.; Miyazaki, H.; Hirose, S.; Hori, H.; Hayashi, T.;
Kageyama, R.; Ohkubo, H.; Nakanishi, S.; Murakami, K. Proc.
Natl. Acad. Sci. U.S.A. 1983, 80, 7405.

(32) Soubrier, F.; Panthier, J.-J.; Corvol, P.; Rougeon, F. Nucleic
Acids Res. 1983, 11, 7181,

(33) James, M. N. G.; Sielecki, A.; Salituro, F.; Rich, D. H.; Hof-
mann, T. Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 6137.

(34) James, M. N. G.; Sielecki, A. R. Biochemistry 1985, 24, 3701.

indicates that while the pepsin conformation of this loop
was a more useful guide than the fungal enzymes, it had
to be modified to accommodate the renin sequence. For
this purpose, all the known structures in the Brookhaven
protein data bank?® were examined for similar Pro-Pro-Pro
sequences. Such stretches of Pro’s were found in several
proteins (guinea pig IgG1, 1PFC in the Brookhaven data
base; and phosphoglycerate mutase, 3SPGM3), which were
then used to guide the modeling of this loop. The residues
were constructed to the Pro-Pro-Pro conformations in
these proteins and then modified minimally to fit onto the
ends of this loop in the renin structure. Since both the
flap and the Pro-Pro-Pro loop form an integral part of the
active site binding region, the conformations that have

(35) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E.
F., Jr.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi,
T.; Tasumi, M. J. Mol. Biol. 1977, 112, 535.
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Figure 3. Stereo representation of the energy minimized active site of human renin (dotted lines) with the parent hexapeptide inhibitor
1 bound (solid lines). The renin residues are labeled with the pepsin numbering system (Figure 2), and the inhibitor residues are denoted
by Py, Ps, ..., etc.® The minimizations were performed with all hydrogens. However, for clarity, in this and in the next figure, only
the polar hydrogens are shown. Note the apparent open area between the side chain of Leu P; and the main chain NH of His P,.

been selected are crucial to the detailed understanding of
substrate and inhibitor binding to renin.

A tentative model for the renin enzyme having been
produced, the next step was to model the interaction be-
tween a substrate or inhibitor and the enzyme. Two ex-
perimental crystal structures are available: a complex of
pepstatin with the rhizopus enzyme® and a pepstatin
fragment on the penicillopepsin molecule.3¥3 The parent
inhibitor chosen for the renin inhibitor modeling was the
hexapeptide 1 (Table IT), Boc-Phe-His-LeuBVal-Ile-His-
OMe. The crystal enzyme-inhibitor structures clearly in-
dicate the interactions between the portion of the inhibitor
N-terminal to the scissile bond, Boc-Phe-His-Leu (P3-P,),%
and the enzyme; thus, the main chain coordinates for this
part of the inhibitor were used directly and the angioten-
sinogen sequence “mutated” onto this main chain. How-
ever, the unusual main chain of the statine residue does
not provide a direct model of the C-terminal portion of the
inhibitor, Val-Tle-His-OMe (P,-Py’). This portion was
modeled by exploring all possible conformations for the
Val-Ile-His-OMe on the enzyme surface that were similar
to the binding conformation of the pepstatin molecule.?’
One unique conformatio was found for the Val P, and
Ile P, positions. However, for His Py, several possible
conformations were accessible; no interactions were found
for the OMe moiety.

In order to maximize the reliability of the renin modeling
and its implications for drug design, the decision was made
to restrict further analysis of the model structure to the
active site region. This is advantageous because the four
experimental structures are so similar in this area, making
the modeling most reliable. The structures of the aspartic
proteinases diverge increasingly the greater the distance
from the active site. The active site region was defined
as all residues that lay within 7 A of any atom on the
hexapeptide inhibitor 1. Additional residues were added
to complete a disulfide bridge loop around residues 45 and
52. This region had been constructed from an optimal
combination of the penicillopepsin and pepsin structures
(see above). The resulting active site contained nine
fragments of the renin molecule; the residues included are
noted in Figure 2. '

This model renin active site with inhibitor 1 bound was
modified by hand to remove bad inter-side-chain contacts

(36) Schechter, 1.; Berger, A. Biochem. Biophys. Res. Commun.
1967, 27, 162.

(37) Boger, J. In Peptides: Structure and Function, Proceedings
of the 8th American Peptide Symposium; Hruby, V. J., Rich,
D. H., Eds.; Pierce Chemical: Rockford, I, 1983; pp 569-578.

by rotating about the respective side chain x angles. The
N- and C-terminal residues of each fragment, which lay
outside the 7-A volume, were kept fixed during the min-
imization in order to avoid any significant departures from
the model because the rest of the protein was not included.
Because of the close proximity of Asp 32 and Asp 215 and
current proposals for aspartic proteinase mechanism of
action,»?3* Asp 215 was protonated for the energy calcu-
lations. The total structure that was minimized, including
the inhibitor, consisted of 1650 atoms.

Energy minimization was performed by using the pro-
gram VFFPRG of Dr. A. T. Hagler and co-workers.?** In
the first step, consisting of 200-300 cycles, every atom of
the system was constrained with a forcing potential to
remain in close proximity to the starting structure. This
technique allows relaxation of close contacts without in-
troducing drastic distortions into the structure. In the
second step, the system was allowed to relax (the terminal
residues of each fragment being held fixed). A typical
minimization required 2500-3000 iterations to bring the
system to a stable minimization defined by the maximum
derivative of the potential function <0.01. This required
about 30 h of computing time on a FPS-164 array pro-
cessor. A number of linear peptides were minimized in the
active site, and the resulting structures were used for de-
signing new inhibitors.

Calculations were performed for the cyclic inhibitors by
using the same active site (Figure 2). Care was taken to
avoid close contacts between the inhibitor and the enzyme
in each case by manipulating the conformation of the
macrocycles. The final minimized structures were com-
pared to see what the effects were of the respective in-
hibitor on the enzyme and inhibitor structures.

Results

Modeling the Cyclic Structures. The three-dimen-
sional model structure for the hexapeptide inhibitor 1
bound to the active site of human renin, together with
some of the catalytically important residues, is shown in
Figure 3. The model suggests a variety of modifications
that might restrict the conformational space of the in-
hibitor. In particular, the side chain of residue P, lies in
reasonable proximity to the main chain NH of residue P,

(38) Reference deleted in press.

(39) Hagler, A. T.; Stern, P. S.; Sharon, R.; Becker, J. M.; Naider,
F. J. Am. Chem. Soc. 1979, 101, 6842.

(40) Dauber, P.; Osguthorpe, D.; Hagler, A. T. Biochem. Soc. Trans.
1972, 10, 312.
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Figure 4. Stereo representation of the energy minimized structure of the 14-membered cyclic renin inhibitor 6 (solid lines) bound
to the active site of human renin (dotted lines). The residues are labeled as in Figure 3. The introduction of the bridge between the
side chain of P; and the main chadin NH of P, causes a shift in the flexible flap around residues 77-79, which move up to 2.5 A. See

the description in the text.

to permit these two groups to be bridged. Because, in a
model structure such as that of renin and the bound in-
hibitor, the three-dimensional coordinates are not exact,
the strategy was adopted of designing a series of such
molecules.

The cyclic molecules shown in Table II, 4-6, were de-
signed to bridge from a simple side chain at position P,
to the NH at P, via three through seven methylene units.
Each structure was constructed in the computer, placed
in the active site of renin, and minimized in order to see
whether the bridge perturbed the conformation of the
inhibitor, or of the enzyme, or prevented any important
interactions in the complex (Figure 4). The only signif-
icant changes to the structure occurred in the loop of
residues from 70 to 80 that lies directly on top of the
substrate or inhibitor.28333¢ Tt is called the “flap” because
it changes its conformation to interact with substrates or
inhibitors when they bind to the enzyme.*3 Residues 77
through 79 moved up to 2.5 A in ordet to make room for
the methylenes that bind to the main chain NH of position
P,; the displacement of the flap was less in the 10-mem-
bered-ring compound than in the 14-membered-ring com-
pound. However, the specific interactions that occur be-
tween the flap and the inhibitor, such as the H bond be-
tween Ser 76 of the flap and the main chain carbonyl of
position P,, remained. The main chain of the cyclic in-
hibitors did not deviate significantly from the main chain
of the parent compound; thus, it retained all the important
binding interactions with the rest of the enzyme.

Inhibitory Activity of the Cyclic Inhibitors. In
order to test the validity of the model in the region of
residues P, and P, and the feasibility of this bridging
design, a linear inhibitor, 8, was synthesized with the NH
at position P, methylated in order to insure that substi-
tution at this site did not destroy activity. This compound
was equipotent to the parent 2.

The 10-, 12-, and 14-membered cyclic compounds, 4, 5,
and 6, respectively, were synthesized as described in the
Experimental Section. Their ability to inhibit human and
mouse renins was measured and is summarized in Table
II. For human renin, the 10-membered-ring compound 4
was a poor inhibitor, the 12-membered-ring compound 5
was better, and the 14-membered-ring compound 6 was
a little less potent than the corresponding Ala-containing
peptide, 2 or 3. The results for mouse renin were even
more interesting. The 10-membered-ring 4 was again in-
active; however, the 12-membered-ring inhibitor 5 was
more than twice as potent as the parent peptide 3, and the
14-membered-ring 6 was a little weaker than the parent
compound.

The cyclic compounds were tested for inhibition of other
aspartic proteinases. None of the cyclic compounds
showed inhibition of either pepsin or cathepsin D at 107
M. For comparison, the standard aspartic proteinase in-
hibitor, pepstatin 7, was at least 3 orders of magnitude
more potent an inhibitor of pepsin and cathepsin D (Table
ID).

Structural Studies on the Cyclic Inhibitors. NMR
methods were used to determine the conformational
properties of the 10-, 12-, and 14-membered cyclic peptides
in solution. Two sets of resonances were observed in the
'H NMR spectra of these peptides, despite extensive pu-
rification by HPLC. For example, in the *H NMR spec-
trum of the 14-membered-ring peptide, Ala P, methyl
proton signals appear both at their “normal” location (1.4
ppm) and upfield at 0.6 ppm. When the upfield alanine
methyl resonance was irradiated in a saturation transfer
experiment,*! a decrease in the intensity of the Ala methyl
resonance at 1.4 ppm was observed. These results indi-
cated that the two sets of resonances corresponded to two
interconverting conformation states for the 14-mem-
bered-ring inhibitor. This conclusion is consistent with
the observed coalescence of the two sets of resonances at
higher temperature. From the coalescence temperature
(~110 °C) of the Ala methyl protons of the 14-membered
cyclic peptide in DMSO-d;, an energy activation barrier
of ~18 kcal/mol was calculated* for the interconversion
between the two states.

The magnitude of the activation energy could be ex-
plained by a cis/trans isomerization of the peptide bond
of an N-substituted amino acid.**** The presence of a cis
peptide bond between Phe P3 and Ala P, was confirmed
in the 10-membered-ring compound 4 by a strong nuclear
Overhauser effect (NOE) between the a-protons of the Phe
and Ala residues in a two-dimensional NOE experiment.
Further NOEs that were observed between the Ala methyl
protons and the Phe aromatic protons, as well as the up-
field shift of the Ala methyl protons, were all consistent
with a cis Phe-Ala peptide bond.#

The NMR spectra for the peptides were analyzed in
detail to determine the fraction of each compound in the
cis and trans states (Table II). The proportion of cis to

(41) Forsén, S. H.; Hoffman, R. A. J. Chem. Phys. 1963, 39, 2892.

(42) Sandstréom, J. Dynamic NMR Spectroscopy; Academic: New
York, 1982; 96.

(43) Stewart, W. E.; Siddall, T. H. Chem. Rev. 1970, 70, 517.

(44) Withrich, K.; Grathwohl, C. FEBS Lett. 1974, 43, 337.

(45) Fesik S. W.; Bolis, G.; Sham, H. L.; Olejniczak, E. T. Bio-
chemistry 1987, 26, 1851.
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trans varied among the cyclic peptides, with the 10-mem-
bered-ring 4 being all cis, the 12-membered cyclic 5 being
80% cis, and the 14-membered-ring 6 being approximately
50% cis, 50% trans. , ,

Chymotrypsin Cleavage. Upon incubation of the
parent compound 2 with a commercial preparation of
cliymotrypsin, rapid cleavage of the Phe-Ala bond was
observed. At the same time, the C-terminal methyl ester
is hydrolyzed, resulting in the ma_]nr products at comple-
tion being Boc-Phe and Ala-Leu® Val-Ile-His. Both re-
actions exhibited half-times of 10-15 min under our con-
ditions and proceeded to near completion in a 1-h incu-
bation. In contrast, the cyclic compound 6 was not sus-
ceptible to cleavage at the Phe-Ala bond, but was cleanly
converted to the carboxylic acid (t;/, ~ 10 min) upon
incubation with the same enzyme preparation (Table II).

Discussion

Molecular modeling methods have been utilized to ra-
tionally design a new series of conformationally restricted
cyclic peptide renin inhibitors. In designing cyclic mole-
cules in a hexapeptide such as 2, a large number of bridges
are possible in principle between the many groups in the
molecule. A great advantage of having a three-dimensional
model for the inhibitor and for the inhibitor-enzyme
complex is that many of these possibilities can be elimi-
nated either as conflicting with the desired binding con-
formation of the inhibitor or as colliding with some im-
portant part of the enzyme binding pocket. More im-
portantly, the model can be used to identify reasonable
candidates for bridging because of their proximity that
would never be chesen if such a three-dimensional model
did not exist. Using the model, we selected two such
specific groups, the side chain at position P, and the main
chain NH of position P,, because of their closeness and
then linked them by a synthetically accessible methylene
bridge. Different-length bridges were examined, and a
series was chosen that was consistent with the model and
with energy calculations.

The chosen moleculés were synthesized and tested in
human and mouse renin, which differ somewhat in the
residues of the active site reglon especially in the flap
(Figure 2). The 14-membered-ring compound was found
to be half as potent as the N-methyl Ala parent, 3, in
inhibiting human renin while the 12-membered-ring com-
pound was twice as potent against mouse renin. These
results are highly significant because of the major changes
in structure that were introduced into these inhibitors.
One of the most important side chains, Leu P;, was mod-
ified. The main chain itself of His P, was derivatized at
the NH. A methylene bridge was introduced to connect
these two groups. Furthermore, such a bridge drastically
constrains the possible conformations that the P,—P; region
of the inhibitor can adopt. These changes were introduced
because the renin-inhibitor complex model suggested that
they could be accommodated without loss of activity. The
fact that the 12- and 14-membered-ring compounds were
determined to be equal or moré potent inhibitors of renin
demonstrates and supports the validity of the renin models
and their value for prediction in the important P,-Pj re-
gion of the structure. In particular, we have shown that
" the main chain NH of His P, can be modified with little
or no loss of activity as predicted by the model. A meth-
ylene bridge can be added between Leu P, and His P, NH
causing restriction of the P,~P, conformation, and at least
equipotent activity is obtairied as anticipated from the
model structure. ,

Nevertheless, from the perspéctive of improving our
ability to do drug design and modeling, we were puzzled
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as to why the 10-membered-ring compound was inactive,
since it also seemed to fit into the renin model active site
satisfactorily. Consequently, we decided to analyze the
structural properties of the cyclic inhibitors in solution.

Detailed structural analyses by NMR of the cyclic com-
pounds substituted at the main chain N of Ala P, have
shown that the Phe Py—Ala P, peptide bond exists as cis
and trans isomers. Cis peptide bonds are stabilized when
the main chain NH is substituted, as is found for proline.*
Examination of the model structure for the inhibitor-renin
complex indicates that the cis form of the inhibitor canrnot
fit into the active site of renin. Major collisions occur
between the Boc and Phe P; of the inhibitor and residues
217 through 219 of renin (Figures 3 and 4). It appears that
only the trans form can bind to the enzyme.

This discovery of an inactive cis form of the inhibitors
allows the complete rationalization of the inhibition of
human renin by the cyclic compounds. The 10-membered
ring is inactive because it is entirely cis. The 12-membered
ring shows a little activity since it is partially in the trans
form. Very significant activity is found for the 14-mem-
bered ring since it is 50% in the trans form. When cor-
rected for being only 50% in the active form, the 14-
membered ring is just as active as the unsubstituted parent
molecule, 2 (Table II).

This simple correlation is not sufficient to explain the
inhibition results for mouse renin by these cyclic com-
pounds (Table IT). Now the 12-membered ring, 5 is 10-fold
better than the 14-membered ring, 6, even though it is 80%
cis versus 50% cis. The interpretation of the mouse renin
results requires the introduction of another effect. A
possible explanation is offered from modeling considera-
tions. Modeling of the cyclic compounds on the active site
of both human and mouse renin shows that the larger ring
compounds are filling the Leu P, site in much the same
way that cyclohexylalanine fills the Leu side chain pocket
and improves the inhibitory potency.*® This effect acts
together with the increased amount of trans isomer to
improve the inhibitory properties of the cyclic molecules
in human renin as the size of the cycle increases. In mouse
renin, however, the active site appears to have a little
smaller P, pocket than does human renin. Thus, maxi-
mum inhibition is achieved with the 12-membered ring,
5, where a significant amount of the trans isomer is present
and presumably the ring just fills the Leu P, pocket in
mouse renin. In the 14-membered-ring compound, there
is more trans isomer; however, the ring is now just too large
for the pocket in mouse renin and, consequeritly, the in-
hibitory potency drops 9-fold (or about 22-fold if the
proportion of trans isomer is taken into account).

There is corroboratory experimental evidence that the
mouse renin Leu P, pocket does not accommodate larger
side chains as well as human renin. This is demonstrated "
by the decreased enhancement of cyclohexylalanine versus
leucine at posmon P; of the inhibitor in mouse versus
human renin.*8 For the compound reported in that ref-
erence, the enhancement ratio for human renin was 55-76,
while for mouse it was only 7. In four series of compounds
that we have examined (details to be published elsewhere),
the average enhancement ratio for cyclohexylalanine versus
leucine at position P; was 21 in human renin while for
mouse renin it was only 3.

There were three goals defined for the design of cyclic
renin inhibitors from rational molecular modeling sources.

(46) Boger, J.; Payne, L. S.; Perlow, D. S.; Lohr, N. S.; Poe, M,;
Blaine, E. H.; Ulm, E. H.; Schorn, T. W.; LaMont, B. L; Lin,
T.-Y.; Kawai, M.; Rich, D. H.; Veber, D. F. J. Med. Chem.
1985, 28, 1779.
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How well have these goals been met? The first was to
achieve at least equipotent renin inhibition. A confor-
mationally constrained molecule should, if all other in-
teractions with the enzyme and solvent remain the same,
be a more potent inhibitor than the parent molecule be-
cause the entropy loss due to conformation restriction upon
binding to the enzyme should be diminished. For an in-
hibitor that is so enveloped by the enzyme as are the renin
inhibitors (Figures 3 and 4), it is difficult to modify the
inhibitor around P,-P; without affecting some interaction
with the enzyme in the active site region. Nevertheless,
using the model structure for renin, we attempted to design
a cyclic series that perturbed the active site and the im-
portant inhibitor-enzyme interactions as little as possible
in order to maximize inhibitory potency. It is a consid-
erable success that the significantly modified inhibitors
proposed in this work have turned out to be equipotent
to and more potent than the parent. Indeed, when the
factors for the presence of the inactive cis conformation
forms are taken into account (Table II), then the 14-
membered 6 is fully as potent as the parent linear peptide
containing Ala P,, 2, on human rein. In mouse renin, when
the proportion of trans isomer is included, the 12-mem-
bered ring, 5, is 6-fold more potent than the parent linear
Ala P, peptide 2. Thus, enhanced binding has indeed been
attained.

The second goal of high specificity for renin has been
achieved by these compounds as seen in Table II. They
demonstrate no detectable inhibition of the other aspartic
proteinases pepsin or cathepsin D at 10° M. Thus, the
high specificity of the parent compounds for renin has been
preserved in the cyclic inhibitors.

The last goal was to achieve increased stability of the
inhibitor to enzymatic degradation. This goal is crucially
important for the design of orally active agents. When the
parent linear renin inhibitors were treated with a number
of tissue homogenates, the major activity that degraded
them was due to the intestinal protease chymotrypsin (P.
Marcotte, unpublished results). Thus, linear peptide in-
hibitors of renin such as 2 are rapidly cleaved by chymo-
trypsin (Table II) at the peptide following Phe P;, com-
pletely destroying renin inhibitory activity. Similar di-
gestion studies on the cyclic molecule 6 showed it to be
very significantly more stable at this bond than the linear
parent compounds.

The relatively modest potency of the cyclic inhibitors
by current standards* precludes the development of these
compounds as therapeutic agents. However, the goals of
enhanced inhibition, high specificity, and significantly
increased metabolic stability have been achieved in this
series of cyclic peptides based upon rational drug design.
The results reported here and their interpretation illustrate
the success but also the complexity of rationally designing
new inhibitor compounds. Some of the important factors
in the design strategy have been discussed and illustrated.
The important lesson has been demonstrated vividly that
new solution conformations of the inhibitors may become
stable which were not expected at the outset. More effort
needs to be expended to try to discover such potentially
unproductive conformations during the design process. As
more experience is gathered in the relatively young field
of rational drug design by molecular modeling, it is hoped
that many of these problems can be anticipated and
avoided and that potent, therapeutically useful molecules
will result.

Experimental Section

Renin Assay. The compounds were dissolved in DMSO and
diluted so that prior to addition to the assay system the solutions
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were 10% in DMSO and 0.5% in BSA. For the human enzyme,
the final incubation mixture (100 uL) contained maleate buffer,
pH 6.0, 0.135 M; EDTA, 3mM; PMSF, 1.4 mM; pure human
angiotensinogen,?’ 0.21 uM; purified human renal renin,*® 0.24
mGU;* BSA, 0.44%; and DMSO, 1%. The mouse renin assay
contained the same maleate, EDTA, PMSF, BSA, and DMSO
concentrations, plus 3.45 mM 8-hydroxyquinoline; the enzyme
was 20 ng of purified protein.’® Dog plasma diluted 1.5:10 served
as the substrate. At least three different concentrations of in-
hibitor, bracketing the expected ICy,, were preincubated with renin
for 5.0 min at 37 °C, substrate was added, and the incubation was
allowed to proceed for 10.0 min. The reaction was stopped by
freezing the solution in a methanol/dry ice bath, and after thawing
at 4 °C, an aliquot was analyzed for angiotensin I by radioim-
munoassay (New England Nuclear). The percent inhibition of
the renin reaction at a given inhibitor concentration causing 50%
inhibition was calculated by regression analysis. Confidence limits,
determined by means of Fieller’s theorem,?! were within +£20%
at the 95% level. The reaction time of 10 min was on the linear
portion of the incubation time-angiotensin I generation curve,
and at the highest concentrations tested, none of the compounds
cross-reacted with the antibody to angiotensin I. The presence
of 1% DMSO in the final incubation mixture exerted no statis-
tically significant effect on the activity of renin.

Pepsin and Cathepsin D Assays. Porcine pepsin (Sigma)
and bovine cathepsin D (Sigma) activities were assessed by the
hydrolysis of hemoglobin at pH 1.9 and 3.1, respectively, at 37
°C, and measurement of the absorbance at 280 nm of the su-
pernatant after precipitation with trichloroacetic acid.’

Chymotrypsin Cleavage Experiment. Stock solutions of the
respective renin inhibitor were dissolved at 5 mg/mL in methanol.
A 50-uL aliquot of this solution was then diluted into 2450 uL
of 30 mM sodium phosphate/100 mM sodium chloride, pH 6.9,
containing 10 ug/mL bovine chymotrypsin (Sigma C 4129) and
incubated at 37 °C (0.1 mg/mL final concentration of compound).
At intervals, 100-uL aliquots were removed, acetonitrile was added
to 10%, and the composition was analyzed by injection onto a
Waters uBondapak C-18 analytical HPLC column eluted with
a gradient from 12.5% to 65% acetonitrile and equilibrated
throughout with 0.1% in trifluoroacetic acid. A single-wavelength
UV monitor (214 nm) was employed for detection, and quanti-
tation was achieved by using a Perkin-Elmer L.CI-100 computing
integrator.

Analytical. Proton nuclear magnetic resonance spectra were
recorded at 60 MHz with a Varian Model EM360 instrument and
at 300 MHz with a Nicolet 300 Fourier transform spectrometer.
Chemical shifts were reported as & units (ppm) relative to tet-
ramethylsilane as internal standard. TLC was performed on
0.25-mm thickness silica gel plates (Merck; silica gel 60F-254).
For flash column chromatography and medium-pressure liquid
chromatography (MPLC), Merck silica gel, grade 60, 230-400
mesh, was used.

NMR Methods. Samples for conformational analysis were
prepared in 5-mm NMR tubes by dissolving 2-12 mg of the
peptides in CDCl;, DMSO-dg, or DMSO-ds/D,0 (66:34). 'H NMR
spectra were recorded on a Nicolet NT-360 NMR spectrometer,
operating at a frequency of 361.1 MHz. Saturation transfer
experiments?*! were performed by subtracting the free induction
decays (FID) acquired with preirradiation (0.5 s) at the frequency
of interest from the control FID accumulated with preirradiation
where no signals are present. Pure absorption phase 2D NOE
data sets were acquired by using a (90°-¢,-90°-7,-90°-acquire),
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(52) Mycek, M. In Methods in Enzymology; Perlmann, G., Lorand,
L., Eds.; Academic: New York, 1970; Vol. XIX, p 286.
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pulse sequence in which the real and imaginary parts of the ¢;
dimension were collected separately by using a phase cycling
scheme described by States et al.>®* Two-dimensional data sets
were processed on a Vax 11/780 computer using an FT NMR
computer program written by Dr. Dennis Hare.
N-(Benzyloxycarbonyl)-O-allyl-L-serine Methyl Ester (8).
To a solution of 14.0 g of N-(benzyloxycarbonyl)-L-serine in 300
mL of DMF cooled to ~0 °C was added 5.7 g of sodium hydride.
At the end of the addition of sodium hydride, the reaction mixture
was stirred at 0 °C for 20 min until hydrogen evolution stopped.
Allyl bromide (5.6 mL) was added, and the reaction mixture was
stirred at 0 °C for 5 min and then at room temperature for 2.5
h; 5.4 mL of methyl iodide was then added. After the mixture
was stirred for an additional hour, the solid formed was filtered
off and the filtrate was poured into brine (300 mL) and extracted
with ether (3 X 300 mL). The combined ether extracts were
washed with more brine (3 X 300 mL), then dried with anhydrous
sodium sulfate, and filtered, and the solvent was evaporated in
vacuo. The residual oil was purified by silica gel column chro-
matography (ether/hexane, 1:1), and compound 8 (8.52 g) was
obtained as a colorless oil: 'H NMR (CDCl,) § 3.72 (s, 3 H),
3.60-4.00 (m, 4 H), 4.30-4.60 (m, 1 H), 5.12 (s, 2 H), 5.00-6.00
(m, 4 H), 7.30 (s, 5 H). Anal. (C;sH;sNO;y) C, H, N.
N-(Benzyloxycarbonyl)-O-allyl-L-serinol (9). To a solution
of 285 mg of 8 in 6 mL of THF at 0 °C was added 3 mL of
diisobutylaluminum hydride (1.5 M in hexane). After being stirred
at 0 °C for 20 min, the reaction mixture was quenched by the
addition of 1 mL of a 1 N NaOH solution. After evaporation of
most of the THF, 10 mL of a 1 N sodium hydroxide solution was
added and the aqueous solution was extracted with ethyl acetate
(3 X 50 mL), dried with magnesium sulfate, and filtered.
Evaporation of the solvent in vacuo gave the crude product as
an oil, which was purified by silica gel column chromatography
(ethyl acetate) to give compound 9 as a colorless oil (210 mg, 82%);
'H NMR (CDCly) 6 2.55 (br m, 1 H), 3.60-3.90 (m, 5 H), 4.10 (m,
2 H), 5.10 (s, 2 H), 5.18-5.30 (m, 2 H), 5.80-5.92 (m, 1 H), 7.35~7.40
(m, 5 H). Anal. (Cl4H19NO4) C, H, N.
6(S)-[(Benzyloxycarbonyl)amino]-4,8,10-trioxaundec-1-
ene (10). To a solution of 1.7 g of 9 in 30 mL of dichloromethane
at ~0 °C was added 2.82 mL of diisopropylethylamine and 1.16
mL of chloromethyl methyl ether. After 10 min, the solution was
warmed to room temperature and stirred overnight. Solvent was
evaporated in vacuo, and the residual oil was washed with a 10%
potassium bisulfate solution, extracted with ethyl acetate (3 X
100 mL), and dried with magnesium sulfate. Filtration and
evaporation of the solvent in vacuo gave the crude product, which
was purified by silica gel column chromatography (ethyl ace-
tate/hexane, 1:1) to.give 1.8 g of pure 10 as a colorless oil (91%):
IH NMR (CDCly) 6 8.32 (s, 3 H), 3.48-3.70 (m, 5 H), 3.98 (d, 2
H, J = 6 Hz), 4.62 (s, 2 H), 5.10 (s, 2 H), 5.15-5.30 (m, 3 H),
5.80-5.94 (m, 1 H), 7.30-7.38 (m, 5 H). Anal. (C,;Hy;NO;) C,
H, N.
6(S)-[(Benzyloxycarbonyl)amino]-4,8,10-trioxaundecan-
1-0l (11). To 5.0 g (16.2 mmol) of compound 10 dissolved in 40
mL of dry THF was added 66 mL of a 0.5 M solution of 9-BBN
i THF at 0 °C. At the end of the addition of the 9-BBN solution,
the reaction mixture was warmed to room temperature and stirred
for 5 h. It was then cooled to 0 °C, and water (5 mL) was added
dropwise, followed by 5.1 mL of a 3 N NaOH solution and then
5.2 mL of 30% hydrogen peroxide. The solution was warmed to
40 °C for 30 min, concentrated, washed with saturated brine, and
extracted with ethyl acetate (3 X 100 mL). The organic layer was
dried with anhydrous MgSO,, filtered, and concentrated in vacuo.
The crude product was purified by silica gel column chroma-
tography (5% MeOH/95% CH,Cl,) to give 4.85 g (91%) of
compound 11 as a colorless oil: 'H NMR (CDCl,) 6 1.78-1.86 (m,
2 H), 3.35 (s, 83 H), 3.50-3.76 (m, 8 H) 3.95-4.05 (m, 1 H), 4.60
(s,2H), 5.10 (s, 2 H), 5.12 (br d, 1 H), 7.32-7.40 (m, 5 H). Anal.
(CISH25N06) C, Hy N.
6(S)-[ (Benzyloxycarbonyl)amino}-4,8,10-trioxaundecanal
(12). To a solution of 0.84 mL of dimethyl sulfoxide in 9 mL of

(53) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J. Magn. Reson.
1982, 48, 286.
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dichloromethane at —78 °C was added 0.44 mL of oxalyl chloride.
After 10 min, a solution of 1.2 g of 11 in 24 mL of dichloromethane
was added. The solution was stirred for 30 min, and 2.6 mL of
triethylamine was added. After 5 min, the solution was washed
with a 10% potassium bisulfate solution, and the aqueous solution
was extracted with dichloromethane (3 X 100 mL). The combined
organic solution was washed with saturated sodium bicarbonate
solution and then brine, dried with anhydrous sodium sulfate,
and filtered. Evaporation of the solvent in vacuo and purification
of the crude product by silica gel column chromatography (ethyl
acetate) gave 0.9 g of compound 12 (75%): 'H NMR (CDCl;) &
2.65 (dt, 2 H, J = 2, 6 Hz), 3.32 (s, 3 H), 3.50-3.68 (m, 5 H), 3.80
(t,2 H, J = 6 Hz), 3.92-4.00 (m, 1 H), 4.60 (s, 2 H), 5.10 (s, 2 H),
5.20 (brd, 1 H), 7.35-7.40 (m, 5 H), 9.78 (t, 1 H, J = 2 Hz). Anal.
(CISH23N06) c! H7 N.

Methyl 2(S)-Methyl-9(S)-[ (benzyloxycarbonyl)amino]-
3-aza-7,11,13-trioxatetradecanoate (13). To a solution of 0.9
g of compound 12 in 12 mL of 2-propanol at ~0 °C was added
0.408 g of alanine methyl ester hydrochloride and then 0.482 g
of anhydrous sodium acetate. After 30 min at 0 °C, the hetero-
geneous solution was cooled to —20 °C and 0.22 g of sodium
cyanoborohydride was added. The solution was gradually warmed
to room temperature and stirred overnight. Most of the solvent
was evaporated in vacuo, and the residue was dissolved in satu-
rated sodium bicarbonate and extracted with ethyl acetate (3 X
75 mL). The combined organic phase was dried with magnesium
sulfate and filtered. Evaporation of solvent in vacuo and puri-
fication of the crude product by silica gel column chromatography
(5% MeOH in CH,Cl,) gave 1.0 g of pure compound 13 (88%):
TH NMR (CDCl,) 4 1.30 (d, 6 H, J = 8 Hz), 1.62-1.80 (m, 2 H),
2.60-2.72 (m, 2 H), 3.36 (s, 3 H), 3.30-3.65 (m, 5 H), 3.70 (s, 3 H),
4.60 (s, 2 H), 5.10 (s, 2 H), 5.40 (br d, 1 H), 7.20-7.30 {m, 5 H).
Anal. (CyH3N,0,), C, H, N.

Methyl 2(S)-Methyl-9(S)-[(benzyloxycarbonyl)-
amino]-3-(tert-butyloxycarbonyl)-3-aza-7,11,13-trioxatet-
radecanoate (14). To a solution of 1.0 g (2.42 mmol) of compound
13 in 10 mL of chloroform was added 0.85 g (3.90 mmol) of
di-tert-butyl dicarbonate. The solution was stirred at room
temperature for 12 h, and the solvent was evaporated in vacuo.
The crude product was passed through a short silica gel column
(EtOAc/hexane, 1:1) to give 0.9 g (72%) of compound 14: 'H
NMR (CDCl;) 6 1.40 (d, 6 H, J = 8 Hz), 1.42 (s, 9 H), 3.38 (s, 3
H), 3.45-3.70 (m, 5 H), 3.65 (s, 3 H), 4.60 (s, 2 H), 5.15 (s, 2 H),
7.25 (S, 5 H) Anal. (CQ5H40N209) C, H, N.

Pentafluorophenyl 2(S)-Methyl-9(S)-[(benzyloxy-
carbonyl)amino]-3-(tert-butyloxycarbonyl)-3-aza-7,11,13-
trioxatetradecanoate (15). To a solution of 900 mg (1.75 mmol)
of compound 14 im 2 mL of water and 2 mL of dioxane was added
80 mg of lithium hydroxide. The solution was stirred at room
temperature for 2 h, acidified with a 10% sodium bisulfate so-
lution, and extracted with ethyl acetate (4 X 50 mL). The organic
layer was dried with anhydrous magnesium sulfate, filtered, and
concentrated to give a white solid, which was dissolved in 8 mL
of ethyl acetate. The solution was cooled to 0 °C, and 360 mg
of pentafluorophenol was added, followed by 396 mg of dicyclo-
hexylcarbodiimide. The solution was stirred at 0 °C for 30 min,
the white solid formed (DCU) was filtered, and the filtrate was
concentrated in vacuo. The crude product was chromatographed
on silica gel (EtOAc/hexane, 1:1) to give 1.10 g of compound 15
(94%): 'H NMR (CDCl,) 6 1.50 (s, 9 H), 1.65 (d, 6 H, J = 8 Hz),
3.35 (s, 3 H), 3.40-3.80 (m, 7 H), 4.65 (s, 2 H), 5.15 (s, 2 H), 7.40
(s, 5 H); FAB MS, (M + H) = 666.

[3S-(3R *,6 R*)]-Hexahydro-3-[(methoxymethoxy)-
methyl]-6-methyl-5-0x0-2H -1,4,7-0oxadiazecine-7(8H )-
carboxylic Acid 1,1-Dimethylethyl Ester (16a). To 450 mL
of dry dioxane was added 14 mL of EtOH, 210 mg of 4-
pyrrolidinopyridine, and 1.0 g of 5% Pd/C. The solution was
heated to 90 °C (internal temperature) while hydrogen gas was
passed through continuously via a gas dispersion tube. To this
solution was added a solution of 1.01 g (1.5 mmol) of compound
15 dissolved in 50 mL of dioxane over a period of 4.5 h. At this
time, the bubbling of hydrogen was stopped and the solution
cooled to room temperature and filtered. The filtrate was con-
centrated in vacuo to give a pale yellow oil, which was purified
by silica gel chromatography (EtOAc) to give 460 mg of compound
16 (88%): 'H NMR (CDCly) 5 1.40 (d, 3 H, J = 9 Hz), 1.50 (s,
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9 H), 3.30 (s, 3 H), 3.35-3.80 (m, 7 H), 4.60 (s, 2 H). Anal.
(C16HgoN2Og) C, H, N. ‘
[3R-[3R*,68*,7(8§*)]]-[2-[Hexahydro-3-(hydroxy-
methyl)-6-methyl-5-0x0-2H-1,4,7-oxadiazecin-7(8H)-yl]-2-
oxo-1-(phenylmethyl)ethyl]lcarbamic Acid 1,1-Dimethylethyl
Ester (17). To a solution of 750 mg (2.16 mmol) of compound
16 in 20 mL of methanol was added 0.2 mL of concentrated HCL
The solution was stirred at 60 °C for 3.5 h, the solvent was
removed in vacuo, and the white solid was dried overnight. The
solid was dissolved in 20 mL of chloroform and 0.75 mL of tri-
ethylamine added. To this solution was added 1.05 g of Boc-
Phe-NOS, and the reaction mixture was stirred at room tem-
perature overnight. The solution was filtered, and the filtrate
was concentrated to give a crude oil, which was purified by silica
gel chromatography (EtOAc) to give 370 mg (30%) of compound
17: 1H NMR (CDCl,) 4 0.45 (d, 3 H, J = 6 Hz), 1.45 (s, 9 H),
2.25-2.35 (m, 1 H), 2.85-3.15 (m, 6 H), 3.35-3.45 (m, 1 H), 3.60
(m, 2 H), 3.75-3.85 (m, 2 H), 4.40-4.50 (m, 2 H), 4.80 (m, 1 H),
7.20-17.35 (m, 5 H). Anal. (CZ3H35N306) C, H, N.
[3S-[3R*,6R*7T(R*)]]-[2-(Hexahydro-3-formyl-6-methyl-
5-0x0-2H-1,4,7-0xadiazecin-7(8H)-yl)-2-0x0-1-(phenyl-
methyl)ethyl]carbamic Acid 1,1-Dimethylethyl Ester (18).
To a solution of 0.11 mL of oxalyl chloride in 5 mL of CH,Cl,
at —78 °C was added 0.22 mL of DMSO. To this solution was
added 340 mg (0.75 mmol) of compound 17. After 10 min, 0.52
mL of EtzN was added and the solution was stirred for 15 min
at—78 °C. After acidification with 10% sodium bisulfate solution,
the aqueous layer was extracted with CH,Cl, (8 X 50 mL), dried
(MgSO,), filtered, and concentrated to give a pale yellow oil, which
was purified by silica gel chromatography to give 290 mg (86 %)
of aldehyde 18: 'H NMR (CDCl,) 8 0.40 (d, 3H, J = 6 Hz), 1.45
(s, 9 H), 2.90-3.15 (m, 5 H), 3.35-3.45 (m, 1 H), 3.60-3.65 (m, 1
H), 4.15-4.20 (m, 1 H), 4.60 (q, 1 H, J = 6 Hz), 4.80-4.85 (m, 1
H), 5.05-5.15 (m, 1 H), 5.30 (br d, 1 H), 7.20-7.35 (m, 5 H), 8.15
(br 4, 1 H); MS, M** = 447.
[BR-[3R*,68*,7(S*)])-N-[[7-[2-[[(1,1-Dimethylethoxy)-
carbonyl]lamino]-1-0x0-3-phenylpropylloctahydro-6-
methyl-5-0x0-2H-1,4,7-oxadiazecin-3-yllmethyl]-L-valine
Phenylmethyl Ester (19). To 3 mL of 2-propanol was added
100 mg (0.22 mmol) of aldehyde 18, followed by addition of 60
mg of valine benzyl ester hydrochloride. The solution was cooled
to 0 °C, and 20 mg of NaCNBHj; and 40 mg of anhydrous NaOAc
were added. The heterogeneous mixture was stirred at 0 °C for
2 h and at room temperature overnight. The solvent was removed
in vacuo and the residue dissolved in 50 mL of chloroform and
washed with saturated NaHCO;. The aqueous layer was extracted
with chloroform (2 X 50 mL), and the combined chloroform
solution was washed with brine, dried (MgSO,), and evaporated
in vacuo. The crude product was purified by silica gel chroma-
tography (CHCl;/MeOH, 95:5) to give 96 mg of compound 19
(68%): 'H NMR (CDCly) 6 0.36 (d, 3 H, J = 6.5 Hz), 0.88 (d, 6
H, J = 6.0 Hz), 1.45 (s, 9 H), 1.90 (heptet, 1 H, J = 6.0 Hz),
2.40-3.10 (m, 9 H), 3.30-3.35 (m, 1 H), 3.55-3.60 (m, 1 H), 3.85-3.92
(m, 1 H), 4.30-4.50 (m, 2 H), 4.70-4.80 (m, 1 H), 5.05-5.20 (AB
quartet, 2 H, J = 12 Hz), 7.20-7.40 (m, 10 H); FAB MS, (M +
H)* = 639.
[3R-[3R*,68*,7(8*)]]-N-[N-[N-[[7-[2-[[(1,1-Dimethyl-
ethoxy)carbonyl]amino]-1-0xo0-3-phenylpropyl]octahydro-
6-methyl-5-ox0-2H -1,4,7-0oxadiazecin-3-yllmethyl]-L-va-
lyl]-L-isoleucyl]-L-histidine Methyl Ester (4). To 5 mL of
methanol containing 12 mg of 10% Pd/C was added 92 mg (0.14
mmol) of compound 19. The heterogeneous mixture was stirred
vigorously under a hydrogen atmosphere for 30 min. The catalyst
was filtered, and the filtrate was concentrated in vacuo to give
73 mg of carboxylic acid. To 1.0 mL of DMF at 0 °C was added
20 mg of the carboxylic acid obtained from the hydrogenolysis,
followed by 13 mg of Ile-His-OMe-2HC], 0.011 mL of Et;N, 7.5
mg of HOBt, and 8 mg of DCC. The solution was stirred at 0
°C for 4 h and at room temperature overnight. The solvent was
removed in vacuo and the residue dissolved in EtOAc and washed
with saturated NaHCO,;. The aqueous layer was extracted with
EtOAc (2 X 25 mL) and dried (MgSO,). The solvent was evap-
orated in vacuo to give the crude product, which was purified by
silica gel chromatography (5% /MeOH /95% CH,Cl,) to give 12
mg (40%) of compound 4: 'H NMR (CDCly) 6 0.39 (d, 3 H, J
= 7 Hz), 0.85-1.05 (m, 12 H), 1.05-1.30 (m, 2 H), 1.44 (s, 9 H),
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1.45-1.80 (m, 2 H), 1.94 (m, 1 H), 2.09 (m, 1 H), 1.21 (m, 1 H),
2.50-3.22 (m, 9 H), 3.38 (m, 1 H), 3.58 (m, 1 H), 3.75 (s, 3 H), 3.77
(m, 1 H), 4.08 (m, 1 H), 4.32 (m, 1 H), 4.62 (m, 1 H), 4.78 (m, 1
H), 4.84 (m, 1 H), 5.32 (d, 1 H, J = 8.7 Hz), 6.76 (s, 1 H), 6.80
(d,1H,J =6.6Hz),7.2-74 (m, 5 H), 747 (d, 1 H, J = 10.5 Hz),
7.57 (s,1 H), 7.82 (d, 1 H, J = 8.1 Hz). Anal. (C,;H¢,N;Oq-H,0)
C,H,N.

Ethyl 8(S)-[(Benzyloxycarbonyl)amino]-6,10,12-trioxa-
tridec-2-enoate (20). To 40 mL of dry THF was added 1.3 mL
(6.5 mmol) of triethyl phosphonoacetate. To this solution at 0
°C was added 260 mg (60% oil dispersion) of sodium hydride.
The mixture was stirred at 0 °C for 5 min, and 1.0 g (3.1 mmol)
of aldehyde 12 in 10 mL of THF was added. After 10 min, the
reaction mixture was quenched by the addition of saturated NH,Cl
solution, extracted with etOAc (8 X 75 mL), washed with brine,
and dried (MgSO,) and solvent evaporated in vacuo. The crude
product was purified by silica gel chromatography (hexane/EtOAc,
7:3) to give 1.06 g (87%) of compound 20: 'H NMR (CDCl) &
1.28 (t, 3 H, J = 7 Hz), 2.45 (m, 2 H), 3.32 (s, 3 H), 3.45-3.70 (m,
6 H), 3.96 (m, 1 H), 4.18 (q, 2 H, J = 7 Hz), 4.60 (s, 2 H), 5.10
(s, 2H), 5.15 (brd,1 H), 5.85 (td, 1 H, J = 1, 15 Hz), 6.90 (td,
1H,J =6, 15 Hz). Anal. (Cy,H3NO;) C, H, N.

Ethyl 8(S)-[(Benzyloxycarbonyl)amino]-6,10,12-trioxa-
tridecanoate (21). To 20 mL of methanol containing 50 mg of
10% Pd/C was added 1.0 g (2.6 mmol) of compound 20. The
reaction mixture was stirred vigorously under a hydrogen at-
mosphere for 30 min, filtered, and concentrated. The residue was
dissolved in 20 mL of CH,Cl,, and 600 mg (2.6 mmol) of N-
(benzyloxy)succinimide was added. After the mixture was stirred
at room temperature for 30 min, the solvent was evaporated in
vacuo and the crude product was purified by silica gel chroma-
tography (hexane /EtOAc, 7:3) to give 0.92 g (91%) of compound
21: ITH NMR (CDCl,) 6 1.25 (t, 3 H, J = 7 Hz), 1.60-1.70 (m, 4
H), 2.30 (t, 2 H, J = 7.5 Hz), 3.32 (s, 3 H), 3.40-3.70 (m, 6 H),
3.95 (m, 1 H), 4.08-4.16 (q, 2 H, J = 7 Hz), 4.60 (s, 2 H), 5.10 (s,
2 H), 7.32-7.40 (m, 5 H). Anal. (C,H;NO;) C, H, N.

8(S)-[(Benzyloxycarbonyl)amino]-6,10,12-trioxatride-
can-1-ol (22). Using the same procedure described for the syn-
thesis of compound 9 and starting with 900 mg (2.25 mmol) of
compound 21 provided 700 mg (1.84 mmol) of compound 22 after
silica gel chromatography (EtOAc): 'H NMR (CDCly) 6 1.3-1.60
(m, 6 H), 3.32 (s, 3 H), 3.40-3.65 (m, 6 H), 3.92-4.00 (m, 1 H),
4.60 (s, 2 H), 5.10 (s, 2 H), 5.20 (br d, 1 H), 7.32-7.40 (m, 5 H).
Anal. (C;gHy,NOg) C, H, N.

8(S)-[(Benzyloxycarbonyl)amino]-6,10,12-trioxatridecanal
(23). Via the same procedure described for the synthesis of
compound 12, 1.5 g (3.95 mmol) of alcohol 22 was oxidized to the
aldehyde 23, giving 1.35 g (3.59 mmol) of product after silica gel
chromatography (hexane/EtOAc, 1:1): H NMR (CDCly) &
1.40-1.60 (m, 4 H), 2.60 (dt, 2 H, J = 2, 6 Hz), 3.40 (s, 3 H),
3.42-3.70 (m, 6 H), 4.05 (m, 1 H), 4.60 (s, 2 H), 5.05 (s, 2 H), 7.20
(s, 5H), 9.60 (t, L H, J = 2 Hz). Anal. (C;sHyNOg) C, H, N.

[BR-[3R*,68*7(S*)])-N-[N-[N-[[7-[2-[[(1,1-Dimethyl-
ethoxy)carbonyl]amino]-1-0x0-3-phenylpropyl]-6-methyl-5-
0x0-1-0xa-4,7-diazacyclododec-3-ylJmethyl]-L-valyl]-L-iso-
leucyl]-L-histidine Methyl Ester (5). Using the same sequence
of reactions described in detail for the synthesis of compound 4,
but replacing the aldehyde 12 with the 2-carbon homologated
aldehyde 23, provided the final cyclic compound 5: 'H NMR
(CDCly) (cis Phe-Ala) 8 0.60 (4, 3 H, J = 6.5 Hz), 1.44 (s, 9 H),
3.74 (s, 3 H), 6.77 (s, 1 H), 7.60 (s, 1 H); (trans Phe-Ala) § 1.33
(s, 9 H), 3.72 (s, 3 H), 6.79 (s, 1 H), 7.62 (s, 1 H). Anal. (Cy-
HgeNgOg-H0) C, H, N.

Ethyl 10(S)-[(Benzyloxycarbonyl)amino]-8,12,14-trioxa-
pentadeca-2,4-dienoate (24). To 40 mL of dry THF was added
1.4 mL (6.51 mmol) of triethyl phosphonocrotonate. To this
stirred solution at 0 °C was added 260 mg (60% oil dispersion)
of NaH. The mixture was stirred at 0 °C for 5 min, and 1.0 g
(3.1 mmol) of aldehyde 12 was added. After 10 min, the reaction
mixture was quenched by the addition of saturated NH,Cl so-
lution, extracted with EtOAc (3 X 75 mL), washed with brine,
and dried (MgSO,) and solvent evaporated in vacuo. The crude
product was purified by silica gel chromatography (hexane/EtOAc,
8:2) to give 810 mg (1.9 mmol) of unsaturated ester 24: 'H NMR
(CDCl,) 6 1.30 (t, 3 H, J = 6.5 Hz), 2.42 (g, 2 H, J = 6 Hz), 3.32
(s, 3H), 3.45-3.60 (m, 6 H), 3.95 (m, 1 H), 4.20 (9,2 H,J = 6.5
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Hz), 4.60 (s, 2 H), 5.10 (s, 2 H), 5.80 (d, 1 H, J = 15 Hz), 6.05-6.28
(m, 2 H), 7.23 (dd, 1 H, J = 10.5, 15 Hz), 7.33-7.40 (m, 5 H). Anal.
(C5Hg NOy) C, H, N.

Ethyl 10(S)-[(Benzyloxycarbonyl)amino]-8,12,14-trioxa-
pentadecanoate (25). Starting with 800 mg (1.90 mmol) of
unsaturated ester 24 and using the procedure described for
compound 21 gave 7.50 mg (1.76 mmol) of saturated ester 25: H
NMR (CDCl,) 6 1.35 (t, 3 H, J = 7.5 Hz), 1.30-1.65 (m, 8 H), 2.30
(t, 2 H, J = 7.5 Hz), 3.32 (s, 3 H), 3.40-3.70 (m, 6 H), 3.96 (m,
1H), 4.12 (q, 2 H, J = 7.5 Hz), 4.62 (s, 2 H), 5.10 (s, 1 H), 5.20
(bl‘ d, 1 H), 7.35~7.40 (m, 5 H). Anal. (022H35N07) C, H, N.

10(S)-[(Benzyloxycarbonyl)amino]-8,12,14-trioxapenta-
decanol (26). The ester 25 was reduced with diisobutylaluminum
hydride as described in the procedure for the synthesis of alcohol
9. Starting with 1.5 g (3.52 mmol) of ester, we obtained 1.02 g
(2.66 mmol) of alcohol 26 after silica gel chromatography (EtOAc):
1H NMR (CDCl,) 6 1.30-1.60 (br m, 10 H), 3.32 (s, 3 H), 3.40-3.70
(m, 8 H), 3.98 (br m, 1 H), 4.60 (s, 2 H), 5.10 (s, 2 H), 7.30-7.40
(m, 5 H). Anal. (CyHj33NOg) C, H, N.

10(S)-[(Benzyloxycarbonyl)amino]-8,12,14-trioxapen-
tadecanal (27). Via the procedure described for the synthesis
of aldehyde 12, alcohol 26 was oxidized to the corresponding
aldehyde. Starting with 1.0 g (2.6 mmol) of alcohol, we obtained
0.90 g (2.36 mmol) of aldehyde 27 after silica gel chromatography
(hexane/EtOAc, 1:1): 'H NMR (CDCly) 6 1.30-1.65 (m, 8 H), 2.45
(dt, 2 H, J = 2, 7.5 Hz), 3.35 (s, 3 H), 3.40-3.70 (m, 6 H), 4.60
(s, 2H), 5.10 (s, 2 H), 7.35-7.40 (m, 5 H). Anal. (CyH;NO,) C,
H, N.

[3R-[3R*,68*7(8*)]]-N-[N-[N-[[7-[2-[[(1,1-Dimethyl-
ethoxy)carbonyllamino]-1-0x0-3-phenylpropyl}-6-methyl-5-

oxo-1-0xa-4,7-diazacyclotetradec-3-yllmethyl]-L-valyl]-L-
isoleucyl]-L-histidine Methyl Ester (6). Using the same se-
quence of reactions described in detail for the synthesis of com-
pound 4, but replacing the aldehyde 12 with the 4-carbon ho-
mologated aldehyde 27, provided the final cyclic compound 6: 'H
NMR (CDCl,) (cis Phe-Ala) 8 0.60 (d, 3 H, J = 6.6 Hz), 1.42 (s,
9 H), 3.74 (s, 3 H), 6.77 (s, 1 H), 7.58 (s, 1 H); (trans Phe-Ala)
6 1.37 (d, 3 H, J = 6.6 Hz), 1.39 (s, 9 H), 3.72 (s, 3 H), 6.78 (s,
1 H), 7.60 (s, 1 H); high-resolution FAB MS, (M + H)* 869.5496
caled for CysH7oNgOg = 869.5500, meas 869.5496.
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Analgesic Dipeptide Derivatives. 4. Linear and Cyclic Analogues of the Analgesic
Compounds Arginyl-2-[(o-nitrophenyl)sulfenyl]tryptophan and
Lysyl-2-[(o-nitrophenyl)sulfenyl]tryptophan
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The syntheses of Trp(Nps)-Arg-OMe-HCI (15) [Trp(Nps) = 2-[(o-nitrophenyl)sulfenyl]tryptophan], its three ste-
reoisomers, and their corresponding cyclic analogues are reported. The preparation of Trp(Nps)-Lys-OMe (19) and
its cyclic analogue is also described. All these compounds have been designed as analogues of the analgesic dipeptide
derivatives X-Trp(Nps)-OMe (1b, X = Arg; 2b, X = Lys). In the case of dipeptides containing Arg or D-Arg, the
coupling reactions were achieved via the isobutyl chloroformate and N-methylmorpholine mediated mixed anhydride
procedure, while in the case of the Lys analogue, the N,N-dicyclohexylcarbodiimide method was employed. Sul-
fenylation reactions were carried out with Nps-Cl in acidic media. Cyclization to the diketopiperazines was achieved
by using acetic acid as catalyst. The antinociceptive effects of all these new Trp(Nps)-containing dipeptides were
evaluated after icv administration in mice, and the effects were compared with those of 1b, 2b, Tyr-Arg (Kyotorphin),
and Tyr-D-Arg. The most active compounds, 15 and 19, were found to exhibit a naloxone-reversible antinociceptive
effect similar to those of 1b and 2b and approximately 50 and 12.5 times higher than those of Kyotorphin and its
D isomer, respectively. Trp(Nps)-D-Arg-OMe-HCl, D-Trp(Nps)-Arg-OMe-HC], and cyclo[ Trp(Nps)-Arg]-HCl were
also more effective than Kyotorphin (5, 10, and 10 times, respectively). In view of the structure—activity relationships
obtained, several similarities between this series of Trp(Nps)-containing dipeptides and that of Kyotorphin analogues
have emerged.

In previous papers,!” it was reported that intracere-
broventricular administration of the synthetic dipeptide
derivatives arginyl-2-[(o-nitrophenyl)sulfenyl]tryptophan
[Arg-Trp(Nps), la], lysyl-2-[(o-nitrophenyl)sulfenyl]tryp-
tophan [Lys-Trp(Nps), 2a], and their corresponding
methyl esters 1b and 2b shows a naloxone-reversible an-
tinociceptive effect comparable with that of the enkephalin
analogue D-Ala?-Met-enkephalinamide (DAME). To date,
two conclusions were obtained from structure—activity
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relationships: first, the need for a basic amino acid;!?
second, the importance of the Nps moiety, since no an-
algesia was found with the unsubstituted dipeptide Lys-
Trp.! Concerning this moiety, the study of the analgesic
effects of several Nps-modified analogues of 1 seems to
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