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Abstract: Azapeptides, peptide analogues in which the a-carbon of one or more of the amino acid residues
is replaced with a nitrogen atom, exhibit propensity for adopting S-turn conformations. A general protocol
for the synthesis of azapeptides without racemization on solid phase has now been developed by introducing
the aza-amino acid residue as an N-Boc-azal-dipeptide. This approach has been validated by the synthesis
of six N-Boc-aza'-dipeptides and their subsequent introduction into analogues of the C-terminal peptide
fragment of the human calcitonin gene-related peptide (hCGRP). By performing an aza-amino acid scan
of such antagonist peptides, a set of aza-hCGRP analogues was synthesized to examine the relationship
between turn secondary structure and biological activity.

Introduction

Promising leads for drug discovery, natural peptides suffer
from rapid metabolism, poor bioavailability, and short duration
of action that compromise their application as drugs in cfinfc.
Peptide mimics that do not possess such shortcomings have been peptide ~ X=CH
prepared by modification of the side chain and the backbone azapeptide X =N
of native peptides as well as by the application of secondary Figure 1. Schematic representation of a peptide and an azapeptide.
structure surrogatés15 New strategies for effectively analyzing

peptide structures to identify biologi_c_ally active cor_wformatign; the significance of side chains, configuration, and conformation
are needed to accelerate the transition from peptide to mimic. . activity.16 Related scanning techniques have recently been
Traditional approaches for studying peptide structuetivity described involving systematic introduction Nfalkylamino
relationships feature typically the sequential replacement of the 4iys into peptides to ascertain the importance of amide protons
amino acids in the peptide chain with alternative amino acids ;, hydrogen-bond interaction&:2° By employing chemical

to assess their importe_mce fqr biolpgicql activity. For example, approaches for systematically modifying a peptide sequence with
replacement of an amino acid residue in the lead sequence bygirctural constraints that favor particular geometry, new generic
either alanine, its enantiomer, or proline may respectively reveal ;¢ may be developed for identifying active conformers

involved in peptide-receptor interactions.
(1) Steer, D. L.; Lew, R. A,; Perlmutter, P.; Smith, A. I.; Aguilar, MQurr. pep P

Med. Chem2002 9, 811. Azapeptides possess one or more amino acids in which the
(2) Perez, J. J.; Corcho, F.; Llorens, Curr. Med. Chem2002 9, 2209. _ i i i i
(3} Bursavich, M. G Rich. D. 1. Med. Chemz002 45. 541. centra!a carbon is replaceq by nitrogen (Figure?Electronic
(4) Dougherty, J. M.; Probst, D. A.; Robinson, R. E.; Moore, J. D.; Klein, T.  fepulsion between the adjacent nitrogen atoms has been sug-
A.; Snelgrove, K. A.; Hanson, P. Retrahedron200Q 56, 9781.
(5) Hruby, V. J.; Balse, P. MCurr. Med. Chem200Q 7, 945. gested to account for the type | andAiturn geometry that
(6) Hanessian, S.; McNaughton-Smith, G.; Lombart, H.-G.; Lubell, W. D. aza-amino acid residues adopt in peptides, as predicted by
Tetrahedron1997, 53, 12789. ; —24 B _
(7) Goodman. M.: Zhang, Lhemtracts1997 10, 629. computatio”?-2* and observed by spectroscaopitéand crystal
(8) Gademann, K.; Ernst, M.; Hoyer, D.; SeebachAbgew. Chem., Int. Ed.
1999 38, 1223. (16) Marshall, G. RTetrahedron1993 49, 3547.
(9) Stachowiak, K.; Khosla, M. C.; Plucinska, K.; Khairallah, P. A.; Bumpus, (17) Miller, S. C.; Scanlan, T. SI. Am. Chem. S0d.997, 119 2301.
F. M. J. Med. Chem1979 22, 1128. (18) Reichwein, J. F.; Versluis, C.; Liskamp, R. MJJ.Org. Chem200Q 65,
(19)
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(10) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S. L. 6187.
Am. Chem. Sod 992 114 6568. Chalmers, D. K.; Marshall, G. B. Am. Chem. Sod.995 117, 5927.
(11) Cho, C. Y.; Moran, E. J.; Cherry, S. R.; Stephans, J. C.; Fodor, S. P. A.; (20) Takeuchi, Y.; Marshall, G. Rl. Am. Chem. S0d.998 120, 5363.
Adams, C. L.; Sundaram, A.; Jacobs, J. W.; Schult&dencel994 261, (21) Gante, JSynthesisl989 405.
1303. (22) Thormann, M.; Hofmann, H.-J. Mol. Struct. (THEOCHEM}1999 469,
(12) Liskamp, R. M. JAngew. Chem., Int. Ed. Engl994 33, 633. 63.
(13) Burgess, K.; Linthicum, D. S.; Shin, Angew. Chem., Int. Ed. Endl995 (23) Lee, H.-J.; Ahn, I.-A.; Ro, S.; Choi, K.-H.; Choi, Y.-S.; Lee, K.-B.Pept.
34, 907. Res.200Q 56, 35.
(14) Han, H.; Janda, K. DJ. Am. Chem. S0d.996 118, 2539. (24) Lee, H.-J;; Song, J.-W.; Choi, Y.-S.; Ro, S.; Yoon, (Pllys. Chem. Chem.
(15) Han, H.; Yoon, J.; Janda, K. Dethods Mol. Med1999 23, 87. Phys.2001, 3, 1693.
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Scheme 1. Synthesis of Azapeptides on Solid Phase Is Usually Accompanied by Hydantoin Formation32
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lographic method3’~3° Although controversy remains over the
role of aza-amino acids if-turn formation, X-ray crystal
structures of linean,-proline-containing azapeptide analogues
have revealed type | andS-turns in which the aza-amino acid isocyanate intermediatés.

residue is situated, respectively, at the 1 andi + 2 position Application of azapeptides in the study of biologically active
and thea-nitrogen assumes a pyramidal structure in all but one peptides has had significant success. For example, azapeptides
structure?”2 Aza-dipeptides and aza-tripeptides have also been have exhibited longer duration of action relative to natural
studied by NMR spectroscopy in solvents of varying polarity peptides, presumably because of increased resistance to pro-
using DMSO to disrupt hydrogen bondifg?® These studies,  tease¥38 and because ureas are generally more chemically
combined with data from IR experiments aald initio calcula- stable than amide’.The azaVal analogue of bovine angiotensin
tions?? all have led to the accepted model in which noncyclic 11 exhibited increased duration of pressor action relative to its
aza-amino acids adopt either the- 1 ori + 2 position in an Val counterpart® Azapeptides have also been synthesized and
intramolecularly hydrogen-bondegiturn structure’> For ex- evaluated as inhibitors of cystefie** and seriné*>proteases.
ample, the aza-tripeptide Boc-Phe-azal eu-Ala-OMe was shown Azapeptide analogues of peptide hormones have been synthe-
by NMR and IR spectroscopy to prefer a typ@iturn geometry sized, including thyrotropin-releasing hormone (TRfhxy-

in which the aza-amino acid adopted the 2 position?® Cyclic tocin/” eledoisin?® enkephalirt® and luliberin (LHRH)> An
aza-amino acid residues, such as azaPro and azaPip, exhibit higexample of the latter, Zoladex is used clinically for the treatment
cis-amide isomer populations N-terminal to the aza-residue in of prostate cancé To enhance the application of azapeptides
peptides and type VB-turn geometry as observed by NMR in peptide science and medicinal chemistry, we present now a
and IR spectroscopy and X-ray analy&ig?-32 Energetically general strategy for solid-phase azapeptide synthesis, suitable
stable cis-peptide bonds have also been predicted to be favoredor aza-amino acid scanning, based on the synthedisBdc-

in studies of azaGly containing peptides dly initio and DFT azd-dipeptides and their introduction into peptides.

method<* These studies indicate that systematic replacement
of the amino acids in a peptide sequence by their aza-amino
acid counterpart could serve as a general means for scanning N-Boc-aza-dipeptides were synthesized by the reaction of

by the use of theN-2-hydroxy-4-methoxybenzyl group as
reversible amide protection, this method requires two additional
synthesis steps and employs less reactive carbamate instead of

Results and Discussion

for bioactivef-turn conformations.

Azapeptide synthesis has, however, been challenging, requir-a-amino benzyl esters and subsequent hydrogenolytic ester

ing a combination of hydrazid&3>and peptide chemisti§?:3¢
Typically, an N-protected Nsubstituted hydrazine is reacted

with a “carbonyl donor” such as an isocyanate or an active been the subject of much research, and different methodologies

carbamaté! A significant drawback in the implementation of

N-Boc-N'-alkyl hydrazines with isocyanates derived from

cleavage (Scheme 2).
The synthesis of N-protected {ubstituted hydrazines has

have proven effective for different’'Mubstituent§> N-Boc-

these protocols on solid phase has been intramolecular hydantoirprotected hydrazine derivatives have been prepared for making
formation of the resin-bound isocyanate or active carbamate aza-analogues of most of the proteinogenic amino &8it¢e

intermediate prior to reaction with the substituted hydrazine
(Scheme 1§23 Although hydantoin formation may be prevented

(25) Andre F.; Vincherat, A.; Boussard, G.; Aubry, A.; Marraud, M. Pept.
Res.1997 50, 372.

(26) Zouikri, M.; Vicherat, A.; Aubry, A.; Marraud, M.; Boussard, &.Pept.
Res.1998 52, 19.

(27) Andre F.; Boussard, G.; Bayeul, D.; Didierjean, C.; Aubry, A.; Marraud,
M. J. Pept. Res1997, 49, 556.

(28) Benatalah, Z.; Aubry, A.; Boussard, G.; Marraud, Int. J. Pept. Protein
Res.1991, 38, 603.

(29) Lecoq, A.; Boussard, G.; Marraud, Netrahedron Lett1992 33, 5209.

(30) Lecoq, A.; Boussard, G.; Marraud, M.; Aubry, Biopolymers1993 33,
1051.

(31) Didierjean, C.; Aubry, A.; Wyckaert, F.; Boussard, 5 Pept. Res2000

]

32) Hémmérlin, C.; Cung, M. T.; Boussard, Getrahedron Lett2001, 42,
5009

(33) Quibell, M.; Turnell, W. G.; Johnson, T. Chem. Soc., Perkin Trans. 1
1993 2843.

(34) Biel, J. H.; Drukker, A. E.; Mitchell, T. F.; Sprengeler, E. P.; Nuhfer, P.
A.; Conway, A. C.; Horita, AJ. Am. Chem. Sod.959 81, 2805.

(35) Brosse, N.; Pinto, M.-F.; Jamart-@uére, B.J. Org. Chem200Q 65, 4370.

(36) Gray, C. J.; Quibell, M.; Baggett, N.; Hammerle, Ifit. J. Pept. Protein
Res.1992 40, 351.
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(37) Liley, M.; Johnson, TTetrahedron Lett200Q 41, 3983.

(38) Din, H.; Gray, C. J.; Ireson, J. C.; McDonald, R. Chem. Technol.
Biotechnol.1991, 50, 181.

(39) Gassman, J. M.; Magrath, Bioorg. Med. Chem. Letfl996 6, 1771.

(40) Hess, H.-J.; Moreland, W. T.; Laubach, G.DAm. Chem. Sod963 85,
4040.

(41) Xing, R.; Hanzlik, R. PJ. Med. Chem1998 41, 1344.

(42) Grayhill, T. L.; Ross, M. J.; Gauvin, B. R.; Gregory, J. S.; Harris, A. L.;
Ator, M. A.; Rinker, J. M.; Dolle, R. EBioorg. Med. Chem. Letl.992 2,
1375.

(43) Grayhill, T. L.; Dolle, R. E.; Helaszek, C. T.; Ator, M. A.; Strasters, J.

Bioorg. Med. Chem. Lettl995 5, 1197.

(44) Magrath, J.; Abeles, R. H. Med. Chem1992 35, 4279.

(45) Semple, J. E.; Rowley, D. C.; Brunck, T. K.; Ripka, W.Eloorg. Med.

Chem. Lett1997, 7, 315.

(46) Zhang, W.-J.; Berglund, A.; Kao, J. L.-F.; Couty, J.-P.; Gershengorn, M.

C.; Marshall, G. RJ. Am. Chem. So2003 125 1221.

(47) Niedrich, H.J. Prakt. Chem1972 314, 769.

(48) Oehme, P.; Bergmann, J.; Falck, M.; Reich, J. G.; Vogt, W. E.; Niedrich,

H.; Pirrwitz, J.; Berseck, C.; Jung, Rcta Biol. Med. Ger1972 28, 109.

(49) Han, H.; Yoon, J.; Janda, K. Bioorg. Med. Chem. Letfl998 8, 117.

(50) Dutta, A. S.; Furr, B. J. A,; Giles, M. B.; Valcaccia, B. Med. Chem.

1978 21, 1018.

(51) Furr, B. J. A.; Valcaccia, B. E.; Hutchinson, F. Br. J. Cancer1983 48,

140.
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Scheme 2. N-Boc-Azal-Dipeptide Strategy for Azapeptide Synthesis
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synthesized hydrazines to mimic four amino acid side-chains:

Phe, Val, Ala, and Pro. Condensationteft-butyl carbazatd

with the appropriate aldehyde or ketone gave an acyl hydrazone
that was reduced best by catalytic hydrogenation or hydride

addition if the substituent was, respectively, aromatic or
aliphatic. Benzyl- and isopropyl-substituted hydrazi2easnd

3 were isolated in 81% and 75% yields, respectively, using these

procedure§?53 Attempts to synthesize azaAla precurgoby
condensation of carbazafewith formaldehyde followed by
reduction, as well as by alkylation dfwith iodomethane, did

not render the desired product in our hands. Methyl hydrazine

4 was synthesized by alkylation of the corresponding triphenyl
phosphinimine with iodomethane in 53% yiétdPyrazolidine

5 was synthesized by acylation of carbazaigith benzylchlo-
roformate prior to alkylation with 1,3-dibromopropane and
removal of the Cbz group by hydrogenolysis over palladium-
on-carbon in methanol (Scheme“8).

Amino ester isocyanate6—9 were synthesized from the
corresponding.-amino benzyl ester hydrochloride salts using
a 1.93 M solution of phosgene in toluene containing 120 mol
% of pyridine at 0°C for 2h3% Isocyanate$—9 were employed
immediately in reactions with hydrazinés-5. All N-Boc-aza-
dipeptide benzyl esters were obtained in excellent yields-(90
98%) after purification by silica gel chromatography, with the
exception ofN-Boc-azaVal-Gly-OBnl12, which was isolated
in 34% vyield. N-Boc-aza-dipeptides 16—21 were finally
prepared by hydrogenolysis of benzyl estd@-15 using
palladium-on-carbon in ethanol (Scheme 4).
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Scheme 3. Synthesis of Substituted Hydrazines46.:52-54
1. PhCHO, Et,0 o H

2. Hp, Pd/C, MeOH ﬂ\OJLN,N
—

H2NNH2'H2O h
H
(Boc),0 81% 2
ProH 1. (CH3),CO
2. NaBH4CN, H*, THF o H
3. 1M NaOH, EtOH JU N
o H el el ot 07N Y
S A 0
07" ON"H |
) 1. PPhBry, EtsN, toluene 5% 3
2. nBuLi, CH3l, THF
8% 1 3. 1M NaOH, EtOH >L j\ H
o her‘CH
H
1. ZCl, NMM, THF 53% 4
2. NaH, Br(CH,);Br, DMF
3. Hy, Pd/C, MeOH
E—

42% 5

The configurational integrity of the C-terminal amino acid
residue during the synthesis and applicatibrBoc-aza-
dipeptides was ascertained by the solution-phase synthesis of
aza-tripeptide®\-Boc-azaPhe-Ala-Phe-OMe2. N-Boc-azaPhe-
(L)Ala-OH 17 was coupled to both- and b-HCI-Phe-OMe
using TBTU, HOBt, and DIEA in acetonitrile (Scheme 5). The
diastereomeric purity of the resulting aza-tripeptidg$)¢ and
(SR)-22 was measured by integration of the diastereotopic

Although carbamate N-protection has been shown to be methyl ester singlets at 3.20 and 3.26 ppm, respectively, in the
superior to amide N-protection at preventing racemization of 'H NMR spectrum taken in benzemk- Spectral analysis of

o-amino acids during peptide synthe%igo the best of our

aza-tripeptide $9)-22 during incremental additions oSR)-

knowledge, there have been no reports on the use of urea noR2 established thatg9)-22 was of >99% purity -99:1 d.r.),

semicarbazide-protecte@tamino acids in peptide chemistry.

(52) Dutta, A. S.; Morley, J. S1. Chem. Soc., Perkin Trans.1975 1712. To

our knowledge, no protocols have been reported for the synthesis of the

the limits of detection. Azapeptides can thus be made in high
stereoisomeric purity’
Solution-phase synthesis #2 was examined because of the

Boc-protected hydrazine analogues for making aza-analogues of Lys, Arg, presence of its sequence in a peptide antagonist of the potent

His, and Met; the synthesis of hydrazine analogues for aza-analogues of
Ser, Thr, and Cys is unfeasible because of their masked aldehyde nature.

(53) Calabretta, R.; Gallina, C.; Giordano, 8ynthesis991, 536

(54) Taubrik, O.; M&org, U.Org. Lett.2001, 3, 2297.

(55) Ragnarsson, WChem. Soc. Re 2001, 30, 205.

(56) Nowick, J. S.; Powell, N. A.; Nguyen, T. M.; Noronha, &.0rg. Chem
1992 57, 7364.

vasodilator, human calcitonin gene-related peptide (hCGRBP,

(57) Melendez, R. E.; Lubell, W. D. IReptides 2002Proceedings of the 25th
European Peptide Symposium; Benedetti, E., Ed.: Italy, 2002; p 204.

(58) Johansson, A.; Akerblom, E.; Ersmark, K.; Lindeberg, G.; Hallberg, A.
J. Comb. Chem200Q 2, 496 and refs cited therein.
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Scheme 4. Synthesis of N-Boc-Azal-Dipeptides 16—21
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6:R'=iPr 1:R?2=H;R3=H 10:R'"=iPr:R2Z=H; R®=Bn 16:R'=iPr;R2=H; R3=Bn
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Scheme 5. Coupling of N-Boc-Azal-Dipeptides to Amino Acids Using Standard Peptide Conditions Is Achieved in Higher than 99 % d.e.5”

TBTU, HOBt Boc-AzaPhe-(L)Ala-(L)Phe-OCHj
DIEA, CH5CN _
Boc-AzaPhe-(L)Ala-OH (5,5)-22: > 99 % d.e.
A) (L)-HCI:‘NHy-Phe-OCH3 Boc-AzaPhe-(L)Ala-(D)Phe-OCHj
17 B) (D)-HCI-NH,-Phe-OCHj3

(S,R)-22 :>99 % d.e.

Scheme 6. Synthesis of Peptides 24—29 on Solid Phase Using Oxime Resin
Boc-Phe-0.

HO.
o N 1. DCC, DCM H
Boc-Phe-OH +
O;N 2. AGzO‘ D|EA‘ DCM 02N

cross-linked polystyrene = —o

Elongation Cleavage
1. 1:3 TFA/DCM v
5 1:9 DIEA/DCM 1. NH3 in 1:1 MeOH/DCM
24-29
3. Boc-Xaa-OH or Boc-azaYaa-Xaa-OH Side chain deprotection
TBTU, HOBt, DIEA, DMF 1. Hp, Pd/C in EtOH
2. H2, Pd(OH)2 in EtOH
3. 1.3 TFA/DCM
Table 1. Sequence of a-hCGRP (23), Peptide Antagonists 24 and 25, and Azapeptides 26—29
(23) a-hCGRP ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF-NH,
compound sequence tr (min)? formula MS (calcd for [M + HJ*) HPLC purity
(24) [D3L, P*4, F¥ICGRPyg-37 PTDVGPFAF-NH, 13.0 GigHeaN10012 949.4 (949.4) 92
(25) [D3L, P4, F¥ICGRPy7-37 FVPTDVGPFAF-NH> 15.1 GsoHg2N12014 1195.9 (1195.9) >99
(26) [Dal, PM, azal35]CGRPzg_37 PTDVGFFAF*NHz 13.2 C;5H63N11012 950.5 (950.5) 91
(27) [D32, azaP* F3¥|CGRPy-37 PTDVGPFAF—NH; 12.7 GisHeaN11012 950.5 (950.5) 88
(28) [azaP’, D3, P34, F¥ICGRPy7—37 FVPTDVGPFAFNH; 17.0 GoHgiN13014 1196.3 (1196.6) >99
(29) [D3L, P*4 azaP%|CGRPy7-37 FVPTDVGH-AF—NH; 14.3 GoHgiN13014 1196.6 (1196.6) 92

a 20—80% acetonitrile in HO containing 0.01% TFA over 20 min, in vol: ..

a 37-amino acid neuropeptide that is characterized by a disulfideantagonist24 and 25. Because aza-amino acids have been
loop between residuesZ, ana-helix between residues-8.8, shown to adopit + 1 andi + 2 positions of3-turns, azapeptides
and an aminated C-terminus (Table 1)Structure activity 26—29were synthesized to study the importance of turn regions
studies have found that C-terminus analogues of hCGRP, suchabout the aromatic residues for antagonist activity. Employing
as peptide24 and25, exhibit antagonist activity and have been  az4-dipeptide fragments, hydantoin formation was avoided
suggested to adopt bioactive turn conformati#hito explore  quring azapeptide synthesis on solid phase. Azapeptides ana-
the power of aza-amino acid scanning, our synthetic approach|oges26—-29were prepared for evaluation as potential AKCGRP
was used to make aza-analogues of the 9 and 11 residue peptidg,iagonists (Table 1). Scheme 6 shows the synthesis of peptides
24—29 on solid phase using oxime resin.

(59) Breeze, A. L.; Harvey, T. S.; Bazzo, R.; Campbell, IBlbchemistry1991,

30, 575. RAc.agA i . . .
(60) Carpenter, K. A.; Schmidt, R.; von Mentzer, B.; Haglund, U.; Roberts, E.; N BOC_ azé dlpeptheSJ.G, 17, and20w§re Incorporated |n_to
Walpole, C.Biochemistry2001, 40, 8317. azapeptide®6—29 using a Boc protection strategy on oxime

6762 J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004
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resin® Removal of the Boc group was carried out using 25% in absolute ethanol, treated with a suspension of 10 mol % of Pd/C
TFA in DCM (30 min) followed by neutralization in 10% DIEA (10 wt %) in ethanol, and stirred under, lét 1 atm for 30 min. The
the aza-amino acid required longer reaction times and was car-e"aBpori“O”PLO 0%’“Nc;aoa";zif'pep“ggys__zlg)' bimed at
ried out during peptide synthesisrfd h instead of the 30 min oc-Azarnet-Ala- » >+ Mg, o yield) was sublimec a

: g peptide synth M 50-55°C; R = 0.16 (10% MeOH in DCM):§]2% 3.9° (c 1.0, MeOH);
period necessary for performing the analogous deprotection with

| . id id id l ied H NMR 300 MHz (CD,OD): ¢ 7.34-7.23 (m, 5H), 4.22 (q, 1H,
natural amino acid residues. Peptide couplings were carrie OUtJ = 7 Hz), 1.48 (s, 9H), 1.39 (d, 3H] = 7 Hz); °C NMR 75 MHz

with 3 equiv each of the appropriate Boc-protected amino acid (cp,op): ¢ 176.0, 158.8, 155.6, 136.9, 129.0, 128.5, 127.6, 81.5, 50.9,
or N-Boc-aza-dipeptides, TBTU, HOBt, and DIEA, in DMF 497, 27.5 17.8; HRMS (FAB)Ve: 338.1716 (calcd for GHzaN3Os

for 2 h. When coupling to aza-amino acid residues, extended (M + H*), 338.1710).

reaction times (16 h) were employed between washing of the  Boc-AzaPhet-Ala-L-Phe-OCH; [(S,S)-22]. Aza-dipeptidel7 (78
resin and addition of fresh reagents, because acylation of aza-mg, 0.23 mmol) was dissolved in 1 mL of acetonitrile, cooled €0
amino acid residues had been reported to be slower than similartreated with TBTU (74 mg, 0.23 mmol) and HOBt (31 mg, 0.23 mmol),

couplings to ordinary amino acid residugdzinal cleavage of
the peptide from the resin was performed using a 1:1 mixture
of saturated NKlin MeOH/DCM. Removal of the side-chain-
protecting groups [Thr(OBn) and Asp(OBn)] was carried out
by hydrogenolysis first over Pd(OH)ollowed by hydrogeno-
lysis over Pd/C in ethanol. The Boc group of the final peptide
was removed using 25% TFA in DCM, and the pepti@ds

29 were purified by HPLC to furnish £020% yields based on
initial loading of 0.3 mmol/g. Characterization of the peptides
was carried out by LEMS, and purity was assessed by UV
peak integration.

Conclusion

N-Boc-azadipeptides containing different aza-amino acids

stirred at °C for 10 min, and treated with a solutioniephenylalanine
methyl ester hydrochloride (99 mg, 0.45 mmol) and DIEA (89 mg,
0.69 mmol) in 0.2 mL of acetonitrile. After being stirred for 12 h, the
solvent was evaporated, and the crude product was dissolved in DCM
and extracted with small aliquots of concentrated NakH&&ution, 1

M NaH.PO,, and brine. The solvent was evaporated to collect pure
(S9-22 (93 mg, 81% yield): mp= 120-122°C; [0]?% 37.8 (c 1.0,
CHCL); R = 0.75 (10% MeOH in DCM);*H NMR (400 MHz,
CeDe): O 7.26-7.04 (m, Ar, 10H) 6.12 (dJ = 7 Hz, NH, 1H), 6.02
(br's, NH, 1H), 5.01 (ddJ = 6 and 14 Hz, 1H), 4.59 (m, 1H), 3.20 (s,
3H), 3.16 (ddJ = 6 and 14 Hz, 1H), 3.05 (dd,= 6 and 14 Hz, 1H),
3.32 (d,J = 7 Hz, 3H), 1.25 (s, 9H)¥*C NMR 75 MHz (CDC}): 6
172.7, 171.9, 157.4, 154.4, 136.1, 136.0, 129.5, 129.1, 129.0, 128.8,
128.2, 127.3, 82.7, 53.6, 52.6, 50.8, 50.1, 38.0, 28.3, 18.8; ESI/MS
m/z. 521.2, 100% (calcd. for £H34N4OsNa (M + Na*) 521.2).Boc-
AzaPhet -Ala-D-Phe-OCHjs [(SR)-22] was synthesized frorh7 and

(azaGIy., azf';lVaI, gzaPhe, azaAla, and azaPro). havg beer?J-phenylalanine methyl ester hydrochloride according to the procedure
synthesized in solution and demonstrated to be configurationally yescribed above (83% yield)j? —5.8° (c 2.0, CHC); R = 0.66

stable building blocks for solution and solid-phase peptide (109 MeOH in DCM):*H NMR (300 MHz GDs): o 7.22—7.00 (m,
synthesis. The utility of this methodology was illustrated by Ar, 10H), 5.87 (d,J = 6 Hz, NH, 1H), 5.72 (s, NH, 1H), 5.02 (dd,
the solid-phase synthesis of azapepti@és-29 possessing 9 = 8 and 14 Hz, 1H), 4.52 (m, 1H), 3.26 (s, 3H), 3.12 (dds 6 and
and 11 residues using standard peptide coupling conditions on14 Hz, 1H), 2.95 (ddJ = 8 and 14 Hz, 1H), 1.28 (s, 9H), 1.18 (@,

oxime resin. We are currently working with collaborators to
evaluate the biological activity of azapeptid®&-29 as potential
hCGRP antagonists.

Experimental Section

General Data. Solvents and reagents were purified as specified in

the Supporting Information. Mass spectral data and HRMS was obtained

by the Universitede Montral Mass Spectrometry facility.

General Protocol for the Synthesis ofN-Boc-Aza-Dipeptide
Benzyl Esters (16-15). L-Amino acid benzyl ester hydrochloride (1
equiv) and pyridine (4 equiv) were dissolved in DCM, cooled &0
treated with a 1.93 M solution of phosgene in toluene (1.2 equiv), and
stirred at 0°C for 2 h. The reaction mixture was extracted twice with
the appropriate aliquots of chilled 0.5M HCI, water, and brine. The
DCM layer was dried over N&O, and treated with a solution of the
appropriate Boc-hydrazind <5, 2 equiv) and DIEA (2 equiv) in DCM.
The reaction was stirred at RT for 16 h. The solvent was evaporated
and the products were purified by silica gel chromatography.

Boc-AzaPhet-Ala-OBn (11, 0.75 g, 95% yield):mp = 108—-109
°C; R = 0.84 (10% MeOH in DCM); %% 2.3° (c 1.0, CHC}); H
NMR 300 MHz (CDC}): 6 7.40-7.23 (m, 10H), 5.98 and 5.95 (2 s,
N—H's, 2H), 5.21 (d, 1HJ = 12 Hz), 5.15 (d, 1HJ = 12 Hz), 4.59
(9, 1H,J = 7 Hz), 1.45 and 1.42 (s and d, 12M¢ NMR 75 MHz
(CDCly): o 173.6, 157.1, 154.4, 136.2, 135.6, 129.1, 128.9, 128.7,
128.5, 128.2, 127.9, 82.4, 67.1, 50.7, 49.4, 28.4, 19.2; HRMS (FAB)
m/e: 428.2185 (calcd for EH3oN30s (M + HT), 428.2179).

General Protocol for the Synthesis ofN-Boc-Azal-Dipeptides
(16—21). N-Boc-aza-dipeptide benzyl esterdQ—15) were dissolved

(61) DeGrado, W. F.; Kaiser, E. T. Org. Chem198Q 45, 1295.

=7 Hz, 3H);*3C NMR 75 MHz (CDC}): 6 172.7,172.0, 157.3, 154.5,
136.2, 136.1, 129.4, 129.0, 128.9, 128.7, 128.6, 128.0, 127.2, 82.6,
53.5, 52.4, 49.9, 38.7, 37.9, 28.2; ESI/M%z 521.2, 100%, (calcd.

for C26H34N406Na (M + Na*) 5212)

Peptide Synthesis (24 29). Peptide synthesis was performed in an
automated shaker using oxime reSirspartic acid and threonine were
introduced as Boc-Asp(Bn)-OH and Boa-Thr(Bn)-OH. Couplings
were performed with Boc-protected amino acids (300 mol %) and
N-Boc-aza-dipeptides 16, 17, and20, 300 mol %), respectively, with
TBTU (300 mol %), HOBt (300 mol %), and DIEA (300 mol %) in
DMF for 2 h. The resin was agitated with,Nbubbles during the
coupling, rinsing, and deprotection sequences. Coupling reactions were
monitored by the Kaiser ninhydrin te%t.In cases of incomplete
couplings, the resin was resubmitted to the same coupling conditions.
Deprotections were performed with 25% TFA in DCM (30 min), and
the resin was neutralized with 10% DIEA in DMF (10 min). The
peptides were obtained by cleavage from the resin with a 1:1 solution

' of saturated NKlin MeOH/DCM (30 min). The crude product was

purified by LC—MS and then submitted to hydrogenolysis over 10 mol
% Pd(OH} in EtOH for 16 h at 7 atm and then 10 mol % Pd/C in
EtOH at 1 atm for 30 min, followed by Boc deprotection using 1:4
TFA/DCM for 30 min. The final peptide2@—29) were purified with
semipreparative LEMS (Previal C18 column, 2% 250 mn#, particle
size 5 um) with solvent A, HO (0.01% TFA), and solvent B,
acetonitrile (0.01% TFA), using a gradient of-280% over 20 min at
a flow rate of 15 mL/min. Retention timet) are reported in minutes.
PTDVGPFAF-NH; (24). Purity 92% by LC-MS (tz = 13.1);
LRMS calcd for GeHesN1gO12 (M + HT), 949.5; found, 949.4.

(62) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, FArial. Biochem.
197Q 34, 595.
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FVPTDVGPFAF-NH; (25). Purity >99% by LCMS (r = 15.1); Technologies (FQRNT), Valorisation-Recherche QiogVRQ),
LRMS caled for GoHgaN12Ows (M + H*), 1195.6; found, 1195.6.  and the Conseil de Recherches en Sciences Naturelles et en
PTDVGPazaFAFNH; (26). Purity 91% by LCMS & = 13.2); LRMS Génie de Canada (CRSNG). We thank Dalbir S. Sekhon for

calcd for GesHeaN1iOs2 (M + HY), 950.5; found, 950.5. PTDVGaza-  gggjstance with LEMS. R.E.M. thanks the FQRNT for a
PFAF—NH; (27). Purity 88% by LCMS & = 12.7); LRMS calcd for 0 Cdo o tollowehip,

C45H64N11012 (M + H+), 950.5; found, 950.5. azaFVPTDVGPFAF
NH; (28). Purity >99% by LC-MS (tr = 17.0); LRMS calcd for Supporting Information Available: Experimental procedures
CsHazN1014 (M + H'), 1196.6; found, 1196.3. FVPTDVGPazaFAF  and spectral data for compoundis-22 and LC-MS spectra

NH, (29). Purity 92% by LC-MS (t= = 14.3); LRMS calcd for  for 2429 (PDF). This material is available free of charge via
CsoHezN13014 (M + H), 1196.6; found, 1196.6. the Internet at http:/pubs.acs.org.
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