JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

B-Sheet Ligands in Action: KLVFF Recognition
by Aminopyrazole Hybrid Receptors in Water
Petra Rzepecki, and Thomas Schrader
J. Am. Chem. Soc., 2005, 127 (9), 3016-3025« DOI: 10.1021/ja045558b « Publication Date (Web): 11 February 2005
Downloaded from http://pubs.acs.org on March 24, 2009

Pyrazole cap -,

COOMe

R{M Jyu I<
”% JVWL ’V“m*we

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 7 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja045558b

JIAICIS

ARTICLES

Published on Web 02/11/2005

p-Sheet Ligands in Action: KLVFF Recognition by
Aminopyrazole Hybrid Receptors in Water

Petra Rzepecki and Thomas Schrader*

Contribution from the Department of Chemistry, Philipps-témsitad Marburg,
Hans-Meerwein-Strasse, 35032 Marburg, Germany

Received July 23, 2004; E-mail: schradet@staff.uni-marburg.de

Abstract: Little is known about the precise mechanism of action of -sheet ligands, hampered by the
notorious solubility problems involved with protein misfolding and amyloid formation. Recently the nucleation
site for the pathogenic aggregation of the Alzheimer’s peptide was identified as the KLVFF sequence in
the central region of AS. A combination of two aminopyrazole ligands with di- or tripeptides taken from this
key fragment now furnished water-soluble As-specific ligands which allow model investigations in water. A
detailed conformational analysis provides experimental evidence for an increased -sheet content induced
in the peptide. Strong indications were also found for the peptide backbone recognition via hydrogen bonds
plus hydrophobic contributions between aminopyrazole nuclei and Phe residues. The affinity of these new
ligands toward the KKLVFF fragment is highly dependent on their sequence and composition from natural
and artificial amino acids. Thus, for the first time, detailed insight is gained into the complexation of 5-sheet
ligands with model peptides taken directly from AgS.

Introduction which do are modified peptides derived from key recognition
A series of pathological processes is associated with the g!ementstrc])ftpath?llog|c?(lj prott_etlrr:st:h TJerntt_ger% was th?étf/tptg
formation of a ff-sheet structure and consecutive protein Iscover that small peptides with the peplide fragmen
taken directly from the central region ofsAwere able to block

aggregation in the form gf-amyloid deposition. Those amyl- " . :
oids are discussed as the primary cause for Alzheimer’s diseasef% aggregatiorf.Soto then developed peptides with the LPFFD

the conversion oft-helices to largep-sheet aggregates is also sequence which could be usedfasheet breakers againsgA

found with CreutzfeldtJakob disease, BSE, and other protein- gtherst_ havle moctimed ;hesiszgi?(ncesé;é%é bydd|_nsert|ng
folding diseases. Therefore, a better understanding of the ISrupting elements such as . or radding
mechanism of aggregation and the development of possible""m'no.acIds DD In avery interesting approach the groups .Of
B-sheet binders which can slow or even prevent the pathologicalMered'th and Kapurniotu introduced N-methylated amino acids

process is of high interest from both a mechanistic and a in every second position of a key peptide NK(Me-L)V(Me-
therapeutic view.

F)F(Me-A)ECONH and obtained inhibitors for Aaggregation
About a decade ago a worldwide search was begun for smallWlth ester instead of _aT“"?'e pgnﬂ‘s. ) ) )
molecules to treat protein-folding diseases with an ever increas- However, nonpeptidic inhibitors with a rational design are
ing intensity. Several new ligands or ligand classes have beenUNknown to date. Little is also known about the precise

identified which intervene with fibril or plaque formatidrearly mechanism of action ofi-sheet ligands, hampered by the
reports involveds-sheet ligands such as Congo Redhich notorious solubility problems involved with protein misfolding
are remarkably potent inhibitors of amyloid formatiohiow- and amyloid formation. In recent years considerable effort has

ever, very few ligands demonstrate a rational design, and thoseP€€n invested in the synthesis of small solyisheet struc-
tures!! Simple 8-sheet templates have also been incorporated

(1) (a) Wisniewski, T.; Aucouturier, P.; Soto, C.; FrangioneAyloid: Int. into drugs which bind to a peptide region with-sheet
ig%%%'%}fﬁégga 5, 212. (b) Carrell, R. W.; Lomas, D. A.ancet conformation? However, external templates, which force a

(2) (a) Lansbury, P. T., JAcc. Chem. Red996 29, 317-321. (b) Riesner, peptide strand into thg-sheet conformation, are very rdfe.
D.; Kellings, K.; Post, K.; Wille, H.; Serban, H.; Baldwin, M.; Groth, D.
J. Virol. 1996 70, 1714-1722. (c) Pitschke, M.; Prior, R.; Haupt, M.;
Riesner, D.Nat. Med.1998 4, 832-834. (6) Tjernberg, L. O.; Nalund, J.; Lindqvist, F.; Johansson, J.; KarlstfoA.

(3) Some representative examples: (a) Papolla, M.; Bozner, P.; Soto, C.; Shao, R.; Thyberg, J.; Terenius, L.; Nordstedt, L Biol. Chem1996 271, 8545.
H.; Robakis, N. K.; Zagorski, M.; Frangione, B.; GhisoJJBiol. Chem. (7) Soto, C.; Sigurdsson, E. M.; Morelli, L.; Kumar, R. A.; Castano, E. M.;
1998 273 7185. (b) Reixach, N.; Crooks, E.; Ostresh, J. M.; Houghten, Frangione, BNat. Med.1998 4, 822-826.
R. A,; Blondelle, S. EJ. Struct. Biol.200Q 130, 247—258. (c) Hammar- (8) Lowe, T. L.; Strzelec, A.; Kiessling, L. L.; Murphy, R. MBiochemistry
strém, P.; Wiseman, R. L.; Powers, E. T.; Kelly, J. Btience2003 299, 2001, 40, 7882-7889.
713-716. (d) Ono, K.; Hasegawa, K.; Yoshiike, Y.; Takashima, A.; (9) Watanabe, K.; Nakamura, K.; Akikusa, S.; Okada, T.; Kodaka, M.;
Yamada, M.; Naiki, HJ. Neurochem2002 81, 434-440. (e) Harris, J. Konakahara, T.; Okuno, HBiochem. Biophys. Res. Comm@002 290,
R. Micron 2002 33, 609-626. 121-124.

(4) Khurana, R.; Uversky, V. N.; Nielsen, L.; Fink, A. . Biol. Chem2001, (10) (a) Gordon, D. J.; Sciarretta, K. L.; Meredith, S. Blochemistry2001,
276, 22715-22721. 40, 8237-8245. (b) Gordon, D. J.; Meredith, S. Biochemistry2003 42,

(5) Lorenzo, A.; Yankner, B. AProc. Natl. Acad. Sci. U.S.A994 91, 12243~ 475-485. (c) Kapurniotu, A. et al. U.S. Patent 6,359,112. (d) Kapurniotu,
12247. A.; Schmauder, A.; Tenidis, KI. Mol. Biol. 2002 315 339-350.
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The Hamilton group truncated the diaminoquinolone motif used
by Kemp et al. in their epindolidione receptbtsfor the
intramolecular stabilization of short peptides in thesheet
conformationt® Bartlett recently presented the azacyclohexenone
fragment for incorporation in drugs targetifigsheets$® Meredith

et al. very recently demonstrated the paramount importance of
backbone hydrogen bonding for the formationamyloid
fibrils: replacing the amide bonds by ester linkages completely
eliminated any aggregation propensity of the respective model
peptide taken from the Asequencé’

Some time ago we introduced 3-aminopyrazoles as simple
heterocyclic building blocks with a DAD hydrogen-bond pattern
perfectly complementary to that of g-sheef® In organic
solution even glycine-containing dipeptides can be locked in
the B-sheet conformation on complexation with acylated ami-
nopyrazoles due to the formation of all three hydrogen bonds
with the top face of the peptidic guéstMultiplication of these
effects by oligomerization leads to much stronger binding with
larger peptided® Thus, dimeric to tetrameric aminopyrazole
ligands have been synthesizednd tested in aggregation assays
with Af1-42).22 However, most of these structures are prone to
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Figure 1. Two general classes of hybrid ligands displaying the structural
features necessary for perfect complementarity toward naturally occurring
f-sheets, with representativés-3 in their complexes with a hexapeptide.

’.“
R1 :

extensive self-association via hydrogen bonds and therefore POSE: e Liits

severe solubility problems. To increase the water solubility we
recently designed hybrid ligands combining natural and un-
natural amino acids, the latter derived from 3-aminopyrazole-
5-carboxylic acic?® Recently we found that the amino acid

Design and Synthesisin preliminary force-field calculations
we optimized the tentative 1:1 complexes formed between the
new hybrid ligands and a hexapeptiié=rom these it became

lysine especially renders these ligands water soluble. Since themmediately evident that only two combinations fulfill the

nucleation site for the pathogenic aggregation of the Alzheimer’s
peptide could be identified as the KLVFF sequence in the central
region of A3,24 we now combined two aminopyrazole ligands
with di- or tripeptides taken from this key fragméniand
obtained water-soluble Aspecific ligands which allow model
investigations in water. For the first time detailed insight is
gained into the complexation ¢f-sheet ligands with model
peptides taken directly from /A

(11) (a) Review: Nowick, J. SAcc. Chem. Red.999 32, 287-296. (b) Tsali,
; Waldman, A. S Nowick, J. Bioorg. Med. Chem1999 7, 29—

38 (c) Ch|tnumsub P Fiori, W. R.; Lashuel, H. A.; Diaz, H.; Kelly, J
W. Bioorg. Med. Chem1999 7, 39-50. (d) Schenck, H. L.; Gellman, S.
J. Am. Chem. S0d.998 120, 4869.

(12) Smith, A. B., Ill; Hirschmann, R.; Pasternak, A.; Akaishi, R.; Guzman,
M. C.; Jones, D. R.; Keenan, T. P.; Sprengeler, P. A.; Darke, P. L.; Emini,
E. A,; Holloway, M. K.; Schleif, W. A.J. Med. Chem1994 37, 215.

(13) (a) Schrader, T.; Kirsten, @. Chem. Soc., Chem. Commad896 2089.
(b) Schrader, T. H.; Kirsten, C. Nl. Am. Chem. S0d.997, 119, 12061.
(c) Weiner, W. S.; Hamilton, A. DBioorg. Med. Chem. Lett1998 8,
681-686.

(14) Kemp, D. S.; Bowen, B. R.; Muendel, C. £.0rg. Chem199Q 55, 4650.

(15) Weiner, W. S.; Hamilton, A. DBioorg. Med. Chem. Let1998 8, 681—
686.

(16) Phillips, S. T.; Rezac, M.; Abel, U.; Kossenjans, M.; Bartlett, PJAAmM.
Chem. Soc2002 124, 58—66.

(17) Gordon, D. J.; Meredith, S. @iochemistry2003 42, 475-485.

(18) Schrader, T.; Kirsten, G. Chem. Soc., Chem. Commad®896 2089.

(19) Schrader, T. H.; Kirsten, C. N. Am. Chem. S0d.997, 119 12061.

(20) CernovskaK.; Kemter, M.; Gallmeier, H.-C.; Rzepecki, P.; Schrader, T.;
K&nig, B. Org. Biomol. Chem2004 2, 1603-1611.

(21) Rzepecki, P.; Wehner, M.; Molt, O.; Zadmard, R.; SchradeByhthesis
2003 1815-1826.

(22) Schrader, T.; Riesner, D.; Nagel-Steger, L.; Aschermann, K.; Kirsten, C.;
Rzepecki, P.; Molt, O.; Zadmard, R.; Wehner, M. Patent application DE
102 21 052.7, May 10, 2002.

(23) Rzepecki, P.; Gallmeier, H.; Geib, N.; Cernovska, K:nio B.; Schrader,
T. J. Org. Chem2004 69, 5168-5178.

(24) Tjernberg, L. O.; Lilliehook, C.; Callaway, D. J. E.; Naslund, J.; Hahne,
S.; Thyberg, J.; Terenius, L.; Nordstedt,JCBiol. Chem1997, 272, 17894.

(25) Tjernberg demonstrated that even tripeptides with parts of the KLVFF
sequence influenced the aggregation behavior of the amyloid peptide: (a)
Tjernberg, L. O.; Lilliehook, C.; Callaway, D. J. E.; Naslund, J.; Hahne,
S.; Thyberg, J.; Terenius, L.; Nordstedt,XCBiol. Chem1997 272, 12601.
(b) Tjernberg, L. O.; Callaway, D. J. E.; Tjernberg, A.; Hahne, S;
Lilliehook, C.; Terenius, L.; Thyberg, J.; Nordstedt,ZCBiol. Chem1999
274, 12619.

geometrical requirements of a perfg&sheet complementar-

ity: Either an aminopyrazotecarboxylic acid block must be
followed by a natural amino acid block or an even number of
o-amino acids must be inserted between two aminopyrazoles
to achieve matching hydrogen-bond donor and acceptor patterns
(Figure 1).

Three selected examples of the above-described general
structure were synthesized by convergent protocols: The
C-terminal KVF tripeptide building block was coupled to the
N-terminal pyrazole amino acid dimérin its PMB-protected
form with Mukaiyama’s reagerif, followed by simultaneous
removal of all protecting groups with hot trifluoroacetic acid.
Two hybrid molecules with a central peptide cog 8) and
flanking aminopyrazole units were prepared by sequential
attachment of amino acids to the C-terminal PMB-protected
aminopyrazole with HCTU/HOBt], 9),28 followed by linking
with the N-terminal aminopyrazol&0, which had an oligo-
ethyleneglycol acyl group (using 2-chloro-1-methylpyridinium
iodide)?” Final deprotection was again effected with hot
trifluoroacetic acid, without any racemization (Figure?2).

The KLVFF fragment was elongated with an additional
N-terminal lysine for solubility reasofsand conventionally
assembled by an automated solid-phase protocol using the Fmoc
strategy® on a peptide synthesizer from Applied Biosysteths.
Unfortunately, both an N-terminal Ac-Ala fragment (our own

(26) MacroModel 7.0, Sctidinger, Inc. 3000, force-field: Amber*. Molecular
mechanics calculations were carried out for 2000 steps treating solvents in
a continuum model characterized by its dielectric constant.

(27) (a) Bald, E.; Saigo, K.; Mukayima, TChem. Lett.1975 1163. (b)
Mukaiyama, T.Angew. Chem1979 91, 798. (c) Li, P.; Xu, J. C.
Tetrahedron200Q 56, 8119.

(28) (a) Davis, A. M.; Teague, S. Angew. Chem., Int. E&999 38, 737. (b)

Sabatino, G.; Mulinacci, B.; Alcaro, M. C.; Chelli, M.; Rovero, P.; Papini,

A. M. Lett. Pept. Sc2002 9, 119. (c) Marder, O.; Shvo, Y.; Albericio, F

Chim. Oggi-Chem. Toda®002 20, 37.

K(15)KLVFFA is offered by Bachem as a “labelled probe for screening

defined sequences in the full length amyloid beta” (see ref 25a).

(29)

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 3017
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Figure 2. Synthesis scheme for the new hybrid ligands: convergent
synthetic approaches using modular building blocks: (a) 1; (bh2(R.

= (CH)sNH3z") and 3 (R = i-Pr, R. = (CH2)sNHz"). (@)a: AcCl, DIEA,
DCM; b: LIOH, MeOH, THF, HO; c: PyClop, DIEA + 5, DCM; d:
LiOH, MeOH, THF, HO; e +7, 1-chloro-3-methylpyridinium iodide,
DIEA, DCM; f: TFA, A. (b)a: +N-(and side chain) protected amino acid,
HCTU, CI-HOBt, 2,6-lutidine, DCM, DMFp: deprotection (Boc: TFA,
DCM; Z = Pd/C, H, MeOH) c: Z-Lys(Boc)-OH, HCTU, CI-HOBt, 2,6-
lutidine, DCM, DMF; d: Pd/C, B, MeOH; e +C7H140s, 1-chloro-3-
methylpyridinium iodide, DIEA, DCM;f: LiOH, MeOH, THF, HO; g:
2-chloro-1-methylpyridinium iodide, DIEA, DCMh: TFA, A.

synthesis) as well as the Ac-GIn moiety introduced by Tjern-
berd (Bachem) did not impart sufficient solubility to the
KLVFF peptide for NMR titrations. Introduction of the 2-[2-
(2-methoxyethoxy)ethoxy]acetyl group markedly increased the
solubility of the respective ligand; however, the presence of a
single lysine residue was even more effective, leading to
solubilities for the whole ligand of10 mM in water?2 The
ligands were initially examined in dilution experiments in order

8 (calculated): 149°
2 g (from NMR}): 147°

@ (calculated): 132°
@ (from NMR): 138°

Figure 3. Monte Carlo simulation and corresponding torsion anglésp,
calculation; below!H NMR) for the free new hybrid ligand®and3 (note
the kink induced in the lysine residue ®{MacroModel 7.2, Amber*, 3000
steps, water)).

a -sheetlike geometry3yy 4 = 8.1-8.8 Hz) while the polar
N-terminal KK fragment was best described by a random coil
conformation $Jy 4 = 6.6—7.0 Hz). Ligand< and3, however,
with an almost identical sequence, differ in the coupling
constants for their respective valine and lysine residue: while
the dilysine core ir2 adopts an extended conformation, the KV
sequence in3 produced a marked kink in the backbone
arrangement. This divergent behavior is confirmed by Monte
Carlo simulations of both ligands; even when starting with a
perfect extended conformation, ligaBdalways ends up in a
kinked geometry at valine (Figure 3). This kink was later also
found in the ligand’s crystal structure (not shown).

Binding Experiments. To establish the peptide affinities of
the new hybrid ligands, we performed NMR titrations with3,
which were added in increasing amounts to KKLVFF. The
resulting binding isotherms were analyzed by nonlinear regres-
sion methods and furnished association constants for the
complexes? Interestingly enough, these covered a broad range
from 0 to 130 to 1700 M. While the block hybridl reaches
a moderateK, of 130 M1, the Pz-AA-AA-Pz structure seems
to be very effective, producing a more than 10-fold higher
association constant f& (Figure 4). However, it also turned
out to be very sensitive toward small structural changes:
exchange of a single lysine for valine frotnto 3 leads to a
total loss of affinity! The drastic effect coincides with the

to detect any potential self-association. Spectra were recordedigand’s altered overall conformatierits kinked structure,

in H,O using the Watergate suppressioand a DO/TMS-
filled capillary as a reference. However, between 2 mM and 75
1M no shifts were found in th&H NMR spectrum even in pure

which is not able to form multiple hydrogen bonds to the top
face of the peptide, does not bind at all. This is a first piece of
experimental evidence for the postulaigdheet recognition.

H,0, indicating the complete absence of aggregates. This is notJob plot§’ contribute another interesting piece of information:

true for the model peptide KKLVFF, which produced significant
NH upfield shifts on dilution from 2 to 1 mM~0.1 ppm),

revealing a substantial amount of self-association via intermo-

lecular hydrogen bonding. Ksei value of~100 M~ could be
calculated from an NMR dilution titratioff. Subsequent mea-
surement of NOESY, DQFCOSY, and TOCSY spectra
allowed the assignment of all peptide signals with some
ambiguity left for the Phe amide protons. A final Karplus
analysig® of all 3),—cynH Values demonstrated that the hydro-
phobic C-terminal VFF part was indeed roughly preoriented in

(30) Final cleavage from the polymer was effected with a 95:2.5:2.5 mixture of
trifluoracetic acid, triisopropylsilane (TIS). and water.

(31) The synthesizer model 433A and all chemicals were supplied to us for a
test period by Applied Biosystems.

(32) In some cases a clear solution was reached only after sonication of the

aqueous suspension at ambient temperature.

(33) (a) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661—
665. (b) Sklenar, V.; Piotto, M.; Leppik, R.; Saudek, ¥/.Magn. Reson.
(A) 1993 102 241-245.

(34) Dilution titration to determine self-association constants: Wilcox, C. S.
Frontiers in Supramolecular Chemistry and Photochemjs8ghneider,
H.-J., Dur, H., Eds.; VCH: New York, 1991; p 123.

3018 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005

While the expected 1:1 stoichiometry is found for the complex
between KKLVFF and the most effective hybrid ligard
(Figure 4), the moderately strorfigsheet binded forms a 2:1
complex, even more effective fgl-sheet capping®

A thorough chemical shift analysis shows numerous com-
plexation-induced shifts in both host and guest, producing the
same overall shape of a saturation curve. Since the NMR
measurements were carried out isOH marked downfield shifts
for all amide protons in the extended hydrophobic region of
the guest peptide as well as the corresponding upfield shifts
for selected amide protons in the added aminopyrazole hybrid

(35) (a) Delepierre, M.; Dobson, C. M.; Poulsen, F. Blochemistryl982 21,
4756. (b) Bystrov, V. FProg. Nucl. Magn. Reson. Spectrod@76 10,
41

(36) (a) Conners, K. ABinding Constants-The Measurement of Molecular
Complex StabilityWiley: New York, 1987. (b) Schneider, H. J.; Kramer,
R.; Simova, S.; Schneider, U. Am. Chem. S0d.988 110, 6442.

(37) (a) Job, PCompt. Rend1925 180, 928. (b) Blanda, M. T.; Horner, J. H.;
Newcomb, M.J. Org. Chem1989 54, 4626.

(38) In a 2:1 complex both the peptide’s top and bottom face can be
simultaneously blocked bg-sheet ligands.
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Figure 4. Job plot and NMR titration curves for complex formation between
KLVFF and hybrid ligand2.

Figure 6. Monte Carlo simulation (top) and subsequent molecular dynamics
AcPzPzKVFOMe vs. KKLVFF calculation (bottom) of the complex formed between KKLVFF and hybrid

ligand2 (MacroModel 7.2, Amber*, 3000 steps, water). The ethyleneglycol
M tail has been omitted for clarity.

between Phe and pyrazole nuclei. A quasi-aromatic cleft

w between KKLVFF's Phe residues and the pyrazole nuclé@ in

offers a possible explanation for its efficient binding in water

77 68 Hz 8.2 despite the small free energy from pure hydrogen bonds (Figure
M 6). Such a combination of hydrogen bonds reinforced by

6.4 73  Hz 8.286 hydrophobic contacts is also found in natural examples for the
_}'LK M_ J&F FM recognition of small peptides, e.g., in the thermodynamically

. extremely stable complex of theAla-p-Ala fragment with the
8.7 85 ppm 8. 3 81 7.9 naturally occurring antibiotic vancomyc# Recent observations
about the self-assembly of the central hydrophobic Phe-Phe
element into peptide nanotubes suggests a potential application
of our aminopyrazole templates as controlling elements in this
process?

Spectroscopic Complex Analysis.For the most stable
complex between KKLVFF and hybrid ligan®, a detailed
Karplus analysis was carried otttin three amino acid residues
the 3Jy 4 coupling constants increased by 89 Hz and
reached values of up to 9.1 Hz. In protédrsheets®] values
are usually around 9 Hz, corresponding to torsion angle$
~160 .4t The reader should also bear in mind that &,aalue
of 1700 M1 only ~50% of the analytes are involved in the
complex?? Although starting already from an extended geom-
Figure 5. Complexation-induced chemical shift changes in hbstnd etry, the peptide’s baCkbom.a is clearly tWISt.ed.even more toward
KKLVFF guest molecule during the NMR titration. The corresponding & perfect3-sheet conformation as the hybrid ligand approaches
3Ju—chHnn values are depicted next to their NMR signals. (induced fit)#3 Close inspection of changes in coupling constants
reveals another detail: one of the benzylic Phe protons is

OOMe

host molecule become clearly visibta second strong indication

of hydrogen bonds between the respective backbones. In(39) Williams, D. H.; Searle, M: S.; Mackay, J. P.; Gerhart_j,_U.; Maplestone,
Lo L. . . R. A. Proc. Natl. Acad. Sci. U.S.A.993 90, 1172-8. Williams, D. H.;
addition, several CH protons undergo distinct upfield shifts, Bardsley, B.Angew. Chem., Int. EA.999 38, 1173-1193.

i i i i (40) (a) Reches, M.; Gazit, ISC|ence2003 30Q 625-627. (b) Song, Y.; Challa,
e;peC|aIIy in the aromatic regions qf both host and guast R.. Medforth, G 3 Qi ¥ - Watt, R. K.. PanD.. Miller 3. E.. van
hint toward hydrophobic contacts (Figure 5). Swol F.; Shelnutt, J. AJ. Chem. Soc., Chem. Comm@004 1044

; ; ; 1045.

Modeling. Monte Carlo simulations for both complexes reach (41) Pardi, A.: Billeter, M.: Wehrich, K. J. Mol. Biol. 1984 180 741.
preferred geometries, which make use of extensive hydrogen(42) In addition, even extended peptldes jfrsheet are always conformationally
bonding. In both complexes, however, these attractive forces mggh&%ﬁl‘c'gegébf than proteins: Nesloney, C. L.; Kelly, J. Biorg.
are also combined with additional hydrophobic interactions (43) Schneider, H. JAngew. Chem1991, 103 1419.

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 3019
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Figure 7. NMR-spectroscopic analysis of the complex formation between 11
ligand 2 and KKLVFF. Changes in coupling constants are depicted in red _—2 13
and VT slopes in blue. Reciprocal NOESY cross-peaks are represented by 180 220 260 300
double arrows. Afnm] ——

o . . ) . ) Figure 8. (Left) Fluorescence emission spectrum for ligehéth water.
distinctly shifted upfield with concomitant changes in the (Right) CD spectra for free KKLVFF (5@M), ligand 2 (250 uM), and

respectiveJ,—chs-cn values®® This may indicate a partial ~ their 1:1 mixture.

conformational lock for the Phe aromatic residues and is in )

excellent agreement with the arrangement proposed by Montetn€ case ofl, a maximum at 196 nm. These values are not far
Carlo simulations (Figure 5). In addition, no shift was observed @Wway from the usual Cotton effect found in natufasheets
for the pyrazole amide protons, coinciding with the 180ist (minimum at 215 nm, maximum at 195 nif)On addition of
found in the calculated structure. ROESY experim#nii/a- the KKLVFF peptide, the minimum o2 shifted by 2-3 nm

tergate) confirmed strong intramolecular cross-peaks betweentoWard lower wavenumbef§.Although existent, this effect is
the pyrazole amide and CH protons. too small for an experimental basis of a conformational change

(Figure 8b).
Finally, a neutral tetramethylammonium acetate buffer was
explored which allows detection ofAand its fragments by

Subsequent VT (variable-temperature) experiments were
carried out in order to discern between hydrogen-bonded and

solvent-exposed NH protons. Identical concentrations of ligand . i "
y P d ESI-MS at near physiological conditions (pH 6%8Very small

2, hexapeptide, as well as their 1:1 complex were heated in 5 X .
molecular-ion peaks were found for homodimers between two

steps from 300 to 350 K. However, only unspectacular changes . . S
in the ppb/K dependencies were observed in the guest peptide“g"’mOIS or two KLVFF peptides as well as for the peptide ligand

(increasing by less than 2 ppb/K to values between 6.8 and 7.800mple_x_. However, incubation of ligard W'th the KLVFF
ppb/K, Figure 7). Unfortunately, besides the expected strong recognltlon element and freeﬂAlf40) furnished a clear
intramolecular cross-peaks, NOESY and ROESY measurementéﬂOIe?mar"qn pegk for the respectll\./e 11 Cqmpﬂ%%hus, a
did not produce any intermolecular contacts which could have certain confirmation of self-recognition was indeed found by
shed new light on the mutual orientation of both complex ESI-MS.

partners. Summary and Conclusion

hAnother pr?lm|smg feature O_f our nefw ::yb”d mo:eculesl IS In conclusion, two classes of designed aminopyrazole hybrid
their strong fluorescence emission of the pyrazole nucleus ligands were shown to undergo a specific interaction with

around 390 nm on irradiation at 275 nm (Figure 8). We assumed
that formation of hydrogen bonds between the pyrazole nucleus4s) Lottspeich, F.; Zorbs, HBioanalytik Spektrum Akademischer Verlag
1 H R H GmbH: Heidelberg, Berlin, 1998.
and peptidic amide protons would influence the electronic r_]ature_ (46) Small peptides in #-sheet often show a slightly divergent behavior, in
of the pyrazole chromophore and hence lead to changes in their ~ some cases without a maximum at 195 nm or with a minimum shi#t%f
feod : : : : nm around 215 nm: (a) Diaz, H.; Tsang, K. Y.; Choo, D.; Espina, J. R.;
emission spectra. Du_rlng a titration with KKLVFF a mar_ked Kelly, J. W.J. Am. Chem. 504993 115 370. (b) Tsang, K. .- Diaz, H.
fluorescence quenching could be observed; however, in our Graciani, N.; Kelly, J. W.J. Am. Chem. S0d.994 116, 3988. (c) Choo,
hands this effect was not reproducible, perhaps due to a 2Dévgéschnelder, J. P.; Graciani, N. R.; Kelly, J. Wacromolecule4996
beginning self-aggregation of the guest peptide. Contrary to the (47) Related experiments with thefAmonomer have hitherto been restricted
peptide itself, our new hybrid ligands have characteristic CD ?e?ggyc X}‘[f?;;g’g'g ffgg%qﬁ%fﬁ%’zg'”'”g' S. K. Nguyen, V. Q;
curves with negative minima between 208 and 214 nm and, in (48) Recently, it was shown that complexes of the well-kngtpeptide
aggregation inhibitor melatonin with /Acan be detected by ESI-MS:
Skribanek, Z.; Balspiri, L.; M&k, M. J. Mass Spectron2001, 36, 1226-
(44) Williamson, M. P.; Waltho, J. RChem. Soc. Re 1992 227. 1229.
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KKLVFF, a key fragment from the nucleation site of3An shift changes of the amidic NH protons were recorded; their ppb/K
water. A detailed conformational analysis provides experimental values result from the pitch of the straight lidgppm] = a-T[K] + b.
evidence for an increasgdsheet content induced in the peptide. ~ ESI-MS Spectra. For ESI-MS experiments an acidic buffer (buffer
Strong indications were also found for the peptide backbone A NH«AC/HCOOH; pH 4.2) or a neutral buffer (buffer B, MeAc;
recognition via hydrogen bonds plus hydrophobic contributions PH 6-8) was used. Samples containing /24 Af(1-40) (Bachem
between aminopyrazole nuclei and Phe residues. The affinity Blochemlca, Heldelberg, G(irmany) with or without ligarids3 (250

of these new ligands toward the critical KKLVFF fragment is #M) in 10 mM bufer with 4% DMSO were freshly prepared. At last

hiahl hei . f the stock solution of £(1—40) (2.50 mM in DMSO) was added to
ighly dependent on their sequence and composition from the different samples, and the mixtures were subsequently incubated

natural and artificial amino acid$. at 25 °C. Masses were measured between 700 and 2000 amu. As
The search forthe optimal amyloid binder can only be  transport solvents, buffer A or buffer B was used at a flow rate of 50

conducted in a test with a broad range of divergent ligand uL/min. For ESI-MS experiments in the positive-ion mode the following

structures. In the future, we will carry out a lead optimization settings were applied: declustering potential (DP1) 85, focusing

with a combinatorial assaysolid-phase peptide synthesis creates Potential (FP) 225, declustering potential two (DP2) 15, ion energy

a library of immobilized aminopyrazole hybrid molecules which (IE1) 2.0, nebulizer gas (GS1) 40, curtain gas (CUR) 25 and ion spray

is screened with fluorometric detection of the binding event. VO!tage (IS) 5400. Monomeric Awas detetcted as M = 1443.383

Our best ligands2 and3, have already produced very promising m'z, M*" = 1082.787m/z, and M* = 866430”,”/2 peaks.

effects both in antiaggregation experiments with isolat¢gd A Gen_eral Procgdure A (HCTU). Und(_er an inert atmpsphere the.

in vitros® and also in whole cell culture assays with neuronal N-terminal and side-chain-protected amino acid or peptide (1.00 equiv)

BL . ! . were dissolved in DCM/DMF (3:1). CI-HOBt (2.50 equiv), HCTU (1.00
cells® animal tests are currently being carried out on transgenic equiv), and 2,6-lutidine (3.00 equiv) were added and stirred for 10 min

mice. These results will be presented in a more biochemical 43t g °c. The C-terminal and PMB-protected aminopyrazolecarbonyl
journal. All these experiments generally serve a dual purpose: monomer (1.00 equiv) or the C-protected amino acid (1.00 equiv) were
we want to identify poten{3-sheet binders for a potential dissolved in DCM/DMF (3:1) and added to the reaction mixture. If
Alzheimer therapy and on our way strive to gain a deeper the C-protected amino acid was applied as ammonium salt, 2,6-lutidine
understanding of the mechanism of protein misfolding in Nature. (1.00 equiv) was added to this solution before adding it to the reaction
mixture. The reaction mixture was stirred afterward fer®h. The
Experimental Section mixture was washed wit1l M HCI, saturated NaHC§and saturated

. . . NaCl solution and dried over N&O,. After filtration the solvent was
Fluorescence and Circular Dichroism SpectraFluorescence and ) -
. . - removed in vacuo. Further workup procedures (if necessary) are
circular dichroism spectra were recorded on a FP-750 spectrofluoro- . - .
described for each compound in detail.

meter (Jasco) and a J-810 spectropolarimeter (Jasco), respectively. For . .
( ) Y P ( ) P y General Procedure B (Mukayiama’'s Reagent).Under an inert

circular dichroism spectra a %0 solution of KKLVFF in bidest water . :
and 250uM solutions of the ligands were used atmosphere the C-terminal and PMB-protected aminopyrazole carbonyl
Molecular Modeling. Force-field calculations were initially carried monomer (1.00 equiv), the N-terminal and side-chain-protected amino
out with MacroModel 7.2 using the force fields AMBER* or OPLS- acid (1.00 equiv), 2-chloro-1-methyl pyridinium iodide (1.20 equiv),
’ and diisopropylethylamine (3.00 equiv) were dissolved in DCM and

AA and GB/SA. Monte Carlo conformational searches were carried . . .
out with 3006-5000 steps without any constraints. Molecular dynamics stirred overnight at room temperature under an inert atmosphere. Unless
) otherwise noted, the mixture was washedhwit M HCI, saturated

were calculated for 100 ps at 300 K. Snapshots were taken every 10NaHC05, and saturated NaCl solution and dried over®@,. After

ps. N .
. . filtration the solvent was removed in vacuo.
I_<arp|u_s Analy3|s. F.O ' _the peptide KKLVFF. as vyell as for each N-tert-Butyloxycarbonyl-(S)-valinyl-(S)-phenylalanine Methyl Es-
amino acid in the hybrid ligands—3 the respective dihedral anglés .
were calculated from theifJ coupling constants by means of ter [Boc-VF-OMe]. A 1.70 g (7.88 mmol, 1.00 equiv) amount &
the Karolus equation mOdi’]:li'-'e’(ai?gl’ o ptidcgs y phenylalanine methyl ester hydrochloride and 1.71 g (7.88 mmol, 1.00
P . q ' . pep ' . equiv) of N-tert-butyloxycarbonyl-§)-valine were reacted with 3.26 g
NMR Titrations and VT Experiments. NMR tlFratlons and VT (7.88 mmol, 1.00 equiv) of HCTU, 3.34 g (19.7 mmol, 2.50 equiv) of
experiments were recorded at 400 or 500 MHz BOHwith a DO/ ¢y ot and 3.7 mL (31.5 mmol, 4.00 equiv) of 2,6-lutidine according
TMS capillary as internal standard (and water suppression by Watergate).,[0 general procedure A to yield the compound as a colorless solid.

For the titration a NMR tube was filled with 0.89 mL of _the guest Yield: 2.89 g (7.66 mmol, 97%)JH NMR (300 MHz, DMSOé):
compound (KKLVFF). The host compound was dissolved in 0.80 mL 0.85 (d,3) = 6.6 Hz, 3H, CH-Val), 0.91 (d,3] = 7.0 Hz, 3H, CH-

of the ggedst_compound (_using u_Itra?onic)(,)andsthe r(_esul\t/inlg solutio(r; Val), 1.44 (s, 9H, CHHBU), 2.03-2.13 (m, 1H, CHiprop), 3.09-

e e o ?]moums [foeasto Tom t? D fome 88 3.13 (m, 2H, CH), 3.70 (s, 3H, 0OCH, 3.89 (ddJ = 6.3 Hz, %) =
concentration changes of the probes and uplield shilts of the peptide g 4 Hz, 1H,0-CH), 4.83-4.97 (m, 1H,a-CH), 4.99 (d,3J = 7.6 Hz,

in dilution experiments were taken into account. The association 1H, NH), 6.28 (d,3) = 6.0 Hz, 1H, NH), 7.08-7.27 (m, 5H, CH-
constants were calculated by noniinear regression methods. Yariable-arom), 1 NMR (75 MHz, DMSOg): 6 17.0, 19.1, 282, 37.9, 38.6,
emperature expenments: a °:.- mbiure o anc lgendas 533, 53.1, 59.9, 127.1, 128.6, 135.6, 162.5, 171.2, 171.6. MS (ESI):
warmed in 8 steps from 300 to 350K (water). The resulting chemical mz 417 (M + K)*, 401 (M + Na)". HRMS: calcd for GaHaN:Os-

) ) ) o . Na, 401.2052; found, 401.2053. Mp: 10C.
(49) It might be argued that earlier attempts to disrupt assembly via this region . . .

have not resulted in an improvement of biological function. However, it (9)-Valinyl-( S)-phenylalanine Methyl Ester Trifluoroacetate [H-
should be kept in mind that these compounds, derived from the KLVFF VF-OMe]. A 1.50 g (3.96 mmol, 1.00 equiv) amount of-tert-
sequence, had a peptidic origin and were hence labile to hydrolysis by . .

peptidases or proteases in vivo. Our aminopyrazole ligands contain no butyloxycarbgnyl-@-valmyl-(S)-phenylaIan|ne methyl este.r [BOC'VF'.
natural peptide bond and are hence completely resistant toward proteolytic OMe] was stirred in a mixture of dichloromethane and trifluoroacetic
digestion. In addition, they recognize primarily tfesheet conformation acid (10:1) at OC until the starting material disappeared on TLC. The

of the AB peptide’s backbone and are thus not restricted to attack at the . .
KLVFF site; in fact, they may as well bind to the other critical hydrophobic ~ dichloromethane was removed in vacuo, and an excess amount of ice-

5 fggion between LGSDidLIJ:? 382 at Igef-tﬁlrminlug of 8. nsti ¢ Physical cold diethyl ether was added to the remaining trifluoroacetic acid. The
(50) Bigfozeyrfiﬂ%?\,ggity of 5&2@%0?2 Ge'rmgr?; -Steger, Institute of Physical pr_oduc_t precipitated as Col_orle_ss solid, Which was filtered off, washed
(51) Collaboration with JSW Research GmbH, Graz, Austria. with diethyl ether, and dried in vacuo to yield the compound as a
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colorless solid. Yield: 1.50 g (3.82 mmol, 96%H NMR (400 MHz,
MeOH-ds): 6 1.01 (d,%J = 7.0 Hz, 3H, CH-Val), 1.05 (d,3J = 7.0
Hz, 3H, CH-Val), 2.14-2.24 (m, 1H, CHiprop), 3.01 (dd3J = 8.7
Hz,3J = 14.1 Hz, 1H, CH-Benzyl), 3.18 (dd%J = 5.7 Hz,3] = 14.0
Hz, 1H, CH-Benzyl), 3.66-3.68 (m, 4H, OOCH o-CH), 4.67 (1H,
o-CH), 7.19-7.30 (m, 5H, CH-arom.), 8.70 (d) = 7.2 Hz, 1H, NH.
3C NMR (75 MHz, MeOHe): ¢ 17.3, 18.7, 31.5, 37.9, 52.6, 55.5,
59.5, 127.8, 129.5, 129.9, 137.8, 169.7, 172.8. MS (EBIr 301 (M
+ Na)t, 279 (M + H)*. HRMS: calcd for GsH2aN2Qs, 279.1709;
found, 279.1704. Anal. Calcd for.€H2:N.Og: C, 52,04; H, 5,91; N,
7,14. Found: C, 51,50; H, 5,77; N, 7,14. Mp: 183. [a]na + 19.2,
T=21°C,c=1.00in methanolR: 0.71 in dichloromethane/methanol
(30:1).
N-(Benzyloxycarbonyl)N¢-(tert-butyloxycarbonyl)-(S)-lysinyl-(S)-
valinyl-(S)-phenylalanine Methyl Ester [Z-K(Boc)VF-OMe]. A 1.15
g (2.92 mmol, 1.00 equiv) amount oB)¢valinyl-(S)-phenylalanine
methyl ester trifluoracetate [H-VF-OMe] and 1.11 g (2.92 mmol, 1.00
equiv) ofN-(benzyloxycarbonyl)N¢-(tert-butyloxycarbonyl)-§)-lysine
were reacted with 1.21 g (2.92 mmol, 1.00 equiv) of HCTU, 1.24 g of
CI-HOBt (7.30 mmol, 2.50 equiv), and 1.36 mL (11.68 mmol, 4.00
equiv) of 2,6-lutidine according to general procedure A to yield the
compound as a colorless solid. Yield: 1.39 g (2.17 mmol, 75%).
NMR (400 MHz, DMSO#ds): 6 0.83 (d,3] = 6.8 Hz, 3H, CH-Val),
0.87 (d,%J = 6.8 Hz, 3H, CH-Val), 1.32-1.38 (m, 2H, CH-Lys),
1.41 (s, 9H, H-23), 1.451.47 (m, 2H, CH-Lys), 1.58-67 (m, 2H,
CHy-Lys), 1.79-1.82 (m, 1H, CH-Lys), 2.08-2.15 (m, 1H, H-12),
3.07-3.10 (m, 4H, CH-Benz, CH-Lys), 3.69 (s, 3H, OOC}}, 4.10—
4.13 (m, 1H,0-CH), 4.20 (dd3J = 6.2 Hz,3] = 8.5 Hz, 1H,a-CH),
4.84 (m, 1H,a-CH), 5.05-5.12 (m, 2H, CH-Benz), 5.52 (brs, 1H,
NH), 6.41 (d,%J = 6.4 Hz, 1H, NH), 6.57 (d3J = 8.9 Hz, 1H, NH),
7.08-7.25 (m, 11H, CH-arom)!3C NMR (125 MHz, DMSO#dg): 6

boxylic acid? and 646 mg (2.47 mmol, 1.10 equiv) Bfp-methoxy-
benzyl-5-aminopyrazole-3-carboxylic acid methyl estwere reacted
according to general procedure B. The residue was purified by column
chromatography on silica gel using ethyl acetafgéntane (1:1).
Yield: 553 mg (1.04 mmol, 46%), colorless soliti NMR (300 MHz,
CDCly): ¢ 2.15 (s, 3H, CH-Acetyl), 3.79, 3.81 (2s, 6H, C4&PMB),
3.91 (s, 3H, OOCH), 5.64, 5.66 (2s, 4H, CHPMB), 6.82-6.88 (m,
4H, CH-arom.), 7.247.37 (m, 6H, CH-arom., CH-pyrazole), 7.93 (s,
1H, NH), 8.68 (s, 1H, NH)!3C NMR (75 MHz, CDC}): 6 24.0, 52.2,
52.4,53.9,54.1,55.4,102.9, 114.1, 114.3, 114.7, 128.7, 129.0, 129.2,
129.4, 132.3, 134.7, 145.1, 145.8, 156.7, 159.4, 159.5, 160.1, 167.8.
MS (El): m/z 532 (M)", 411 (M — PMB)". HRMS (ESI) calcd for
Co7H2sN6ONa, 555.1968; found, 555.1958. Mp: 98. R:: 0.10 ethyl
acetatai-pentane (1:1).
5{[5-Acetylamino-2-(4-methoxybenzyl)-®i-pyrazole-3-carbonyl]-
amino} -2-(4-methoxybenzyl)-H-pyrazole-3-carboxylic Acid [Ac-
Pz(PMB)Pz(PMB)-OH], 6. A 500 mg (94Q«mol, 1.00 equiv) amount
of 5{[5-acetylamino-2-(4-methoxybenzyl}-2pyrazole-3-carbonyl]-
aming -2-(4-methoxybenzyl)-3-pyrazole-3-carboxylic acid [Ac-Pz-
(PMB)Pz(PMB)-OMe] and 25 mg (1.03 mmol, 1.10 equiv) of lithium
hydroxide were stirred in a mixture of methanol/THF/water (2:2:1) for
16 h. The solvent was evaporated, the remaining residue dissolved in
water, and the solution acidified witL M HCI. The product precipitated
as a colorless solid, which was filtered off, washed with water, and
dried in vacuo to yield compourl Yield: 462 mg (893:mol, 95%).
'H NMR (300 MHz, DMSO¢): ¢ 1.98 (s, 3H, Ch-acetyl), 3.69,
3.71 (2s, 6H, CHPMB), 5.57, 5.62 (2s, 4H, CHPMB), 6.48-7.16
(2m, 10H, CH-pyrazole, CH-arom.), 7.47 (s, 1H, OOH), 10.57, 11.27
(2s, 2H, NH).13C NMR (75 MHz, CDC}): ¢ 23.0, 52.9, 53.0, 55.0,
99.8, 103.1, 113.8, 113.9, 128.7, 128.8, 129.4, 132.5, 133.9, 145.5,
146.0, 157.3, 156.6, 158.7, 160.4, 167.5. MS (E&i)z541 (M+ Na)*,

17.9, 18.6, 19.2, 22.5, 28.5, 29.7, 30.7, 31.7, 37.9, 52.5, 53.3, 55.2,519 (M + H)*. HRMS: calcd for GegH2/NgOg, 519.1992; found,
58.7,67.3,127.3,128.3, 128.4, 128.7, 128.8, 129.4, 135.8, 136.3, 156.4519.2016. Mp: 110C.

170.6, 171.8, 171.9. MS (ESm/z 679 (M + K, 8)* 641 (M + H,
7)*, 663 (M + Na, 100y. HRMS (ESI): calcd for GuHsN4OsNa,
663.3370; found, 663.3362. Anal. Calcd fogs84gN4Og: C, 63.73;
H, 7.55; N, 8.74. Found: C, 63.41; H, 7.64; N, 8.77. Mp: PA3R:
0.26 in dichlormethane/methanol (30:1).
N<-(tert-Butyloxycarbonyl)-(S)-lysinyl-(S)-valinyl-( S)-phenylala-
nine Methyl Ester [H-K(Boc)VF-OMe], 7. A 820 mg (1.28 mmol,
1.00 equiv) amount di-(benzyloxycarbonylN¢-(tert-butyloxycarbo-
nyl)-(9-lysinyl-(S)-valinyl-(9-phenylalanine methyl ester [Z-K(Boc)-
VF-OMe] was dissolved in 50 mL of methanol (HPLC grade). To this
solution was added 5 mol % Pd/C (Degussa Typ E101 NE/W), and
the mixture was stirred in a Hatmosphere until the starting material
disappeared on TLC. The catalyst was filtered off using kieselguhr,
and the solvent was evaporated to yield compotiiad a pale yellow
solid. Yield: 650 mg (1.28 mmol, quant.JH NMR (300 MHz,
CDCly): ¢ 0.88 (d,%J = 6.9 Hz, 3H, CH-Val), 0.91 (d,%J = 6.9 Hz,
3H, CHs-Val), 1.39-1.60 (m, 13H, CHLys, NH,, CHs-tBu), 1.77
1.88 (m, 1H, CH-Lys), 2.072.19 (m, 1H, CHiprop), 3.02-3.17 (m,
4H, CH,-Benz, CH-Lys), 3.32-3.36 (m, 1H,0-CH), 3.71 (s, 3H,
OOCHg), 4.16 (dd,e'JH(u,lz): 6.9 HZ,3\]H(11,30)= 8.8 HZ,(X-CH), 4.57
(brs, 1H, NH), 4.82-4.89 (m, 1H,a-CH), 6.38 (d,%J = 7.9 Hz, 1H,
NH), 7.09-7.30 (m, 5H, CH-arom.), 7.79 (d) = 8.7 Hz, 1H, NH).
13C NMR (75 MHz, CDC}): ¢ 18.3, 19.6, 23.2, 28.8, 30.2, 30.8, 34.9,

5-Acetylamino-2-[4-methoxybenzyl]-2-pyrazole-3-carbonylamino-
2-[4-methoxybenzyl]-2H-pyrazole-3-carbonylN¢-tert-butyloxycar-
bonyl-(S)-lysinyl-(S)-valinyl-(S)-phenylalanine Methyl Ester [Ac-
Pz(PMB)Pz(PMB)K(Boc)VF-OMe]. Under an inert atmosphere 154
mg (296umol, 1.00 equiv) of 5-acetylamino-2-(4-methoxybenzy-2
pyrazol-3-carbonylamino-2-(4-methoxybenzyh-pyrazole-3-carbon-
ylic acid 6 and 150 mg (296umol, 1.00 equiv) of N¢-tert-
butyloxycarbonyl-§-lysinyl-(S-valinyl-(S-phenylalanine methyl ester
7 were reacted with 91 mg (356mol, 1.20 equiv) of 2-chloro-1-
methylpyridinium iodide and 116 @fg/155uL (900 xmol, 3.00 equiv)
of diisopropylethylamine in a mixture of dry dichloromethane and dry
THF (5:1). The reaction mixture was stirred overnight at room
temperature. Afterward the solvent was evaporated and the remaining
residue dissolved in dichloromethane. The organic solvent was washed
with 1 M HCI, saturated NaHC® and saturated NaCl solution and
dried over NaSQ. After filtration the solvent was removed in vacuo.
The remaining residue was purified over silica gel column, eluting
chloroform/methanol (30:1) to yield the compound as a colorless solid.
Yield: 170 mg (16mol, 57%).*H NMR (400 MHz, DMSO#dg): 6
0.80-0.83 (m, 6H, CH-Val), 1.18-1.35 (m, 4H, CH-Lys), 1.38 (s,
9H, CHs-tBu), 1.62-1.68 (m, 2H, CH-Lys) 1.89-1.96 (m, 1H, CH-
iprop), 1.99 (s, 1H, CHAcetyl), 2.90-2.96 (m, 3H, CH-Lys, CH,-
Phe), 3.02 (dd?J = 13.8 Hz,%J = 6.0 Hz, 1H, CH-Phe), 3.55 3.69,

38.3, 40.5, 52.7, 53.4, 55.5, 58.5, 127.5, 128.9, 129.6, 136.1, 156.2,3.70 (3s, 9H, OOCk| CHs-PMB), 4.20-4.24 (m, 1H,a-CH), 4.38-

160.4,171.3, 172.1, 175.5. MS (ESIwz 507 (M + H)*, 529 (M +
Na)". HRMS: calcd for GeH42N4OsNa, 529.3002; found, 529.3015.
Anal. Calcd for GeHa2N4Og: C, 61.64; H, 8.36; N, 11.06. Found: C,
61.20; H, 8.43; N, 11.0%R:: 0.15 in dichlormethane/methanol (50:1).
Mp: 156 °C.
5{[5-Acetylamino-2-(4-methoxybenzyl)-#-pyrazole-3-carbonyl]-
amino} -2-(4-methoxybenzyl)-H-pyrazole-3-carboxylic Acid Methyl
Ester [Ac-Pz(PMB)Pz(PMB)-OMe]. A 650 mg (2.25 mg, 1.00 equiv)
amount of 5-acetylamino-2-(4-methoxy-benzyh-pyrazole-3-car-

3022 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005

4.47 (m, 1H,a-CH), 4.49-4.52 (m, 1H,a-CH), 5.51-5.59 (brs, 4H,
CH,-PMB), 6.74 (brs, 1H, NH), 6.826.86 (m, 4H, CH-arom) 7.12
7.26 (m, 9H, CH-arom.), 7.40 (s, 1H, CH-pyrazole), 7.48 (s, 1H, CH-
pyrazole), 7.73 (33 = 8.9 Hz, NH), 8.43 (d3J = 7.2 Hz, NH), 8.69
(d, %3 = 7.9 Hz, NH), 10.53 (s, 1H, NH), 11.20 (s, 1H, NHJC NMR

(52) For a detailed description of the synthesis of this building block, see: (a)
Rzepecki, P.; Wehner, M.; Molt, O.; Zadmard, R.; SchradeiSyinthesis
2003 1815-1826. (b) Rzepecki, P.; Gallmeier, H.; Geib, N.; Cernovska,
K.; Kénig, B.; Schrader, TJ. Org. Chem2004,ASAP.
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(100 MHz, DMSO¢g): 6 17.8, 19.9, 23.0, 23.2, 28.2, 29.2, 30.9, 31.0,
36.4, 51.6, 52.7, 52.8, 53.3, 53.4, 55.0, 57.0, 77.2, 99.8, 100.0, 113.6,
113.8, 126.4, 129.1, 128.6, 128.9, 129.1, 129.7, 129.8, 134.0, 134.6,
136.9, 145.2, 146.1, 155.5, 157.2, 158.6, 158.7, 159.2, 167.5, 170.9,
171.3, 171.7. MS (ESI):m/z 1029 (M + Na)*, 1007 (M + H)*.
HRMS: calcd for GoHgeN10011Na, 1029.4810; found, 1029.4944.
Mp: >240°C. R:: 0.22 in chloroform/methanol (30:1).
5-Acetylamino-2H-pyrazole-3-carbonylamino--pyrazole-3-car-
bonyl-(S)-lysinyl-(S)-valinyl-(S)-phenylalanine Methyl Ester Tri-
fluoroacetate [Ac-PzPzKVF-OMe], 1.A 100 mg (99.3umol, 1.00
equiv) amount of 5-acetylamino-2-[4-methoxybenzy-pyrazole-3-
carbonylamino-2-[4-methoxybenzyl}H2pyrazole-3-carbonyN¢-tert-
butyloxyarbonyl-§)-lysinyl-(S)-valinyl -(S)-phenylalanine methyl ester
[Ac-Pz(PMB)Pz(PMB)K(Boc)VF-OMe] was stirred under an inert
atmosphere in dry trifluoroacidic acid for-3 h at 70°C. After cooling
to room temperature, ice-cold diethyl ether was added. The product
precipitated as a colorless solid. This was centrifuged off, washed
several times with ice-cold diethyl ether, and dried in vacuo to yield
compoundl. Yield: 90 mg (89 mmol, 90%)*H NMR (500 MHz,
MeOH-ds): 6 0.80 (d,3) = 6.9 Hz, 3H, CH-Val), 0.83 (d,3J = 6.9
Hz, 3H, CH-Val), 1.35-1.47 (m, 2H, CH-Lys), 1.63-1.69 (m, 2H,
CHy-Lys), 1.74-1.70 (m, 2H, CkFLys), 1.99-2.05 (m, 1H, CHiprop),
2.14 (s, 3H, Ch-Acetyl), 2.84-2.91 (2H, CH-Lys), 2.98 (dd,2] =
13.9 Hz,3) = 8.4 Hz, 1H, CH-Phe), 3.12 (dd?J = 13.9 Hz,3) = 5.8
Hz, 1H, CH-Phe), 3.64 (s, 1H, OOCHi 4.22 (dd,*J = 8.3 Hz,3J =
7.6 Hz, 1H,0-CH), 4.574.66 (m, 2H,a-CH), 6.81, 6.88 (2s, 2H,
CH-pyrazole), 7.1#7.27 (m, 5H, CH-arom.), 7.75 (brs, 3H, NH,
8.04 (d,3J = 8.4 Hz, 1H, NH), 8.34 (d3J = 7.8 Hz, 1H, NH), 8.53 (d,
3J = 7.6 Hz, 1H, NH), 10.68, 10.84 (s, 2H, NH). The pyrazole NHs
are broadened3C NMR (125 MHz, MeOHe): 6 18.5, 19.4, 22.8,
23.6, 28.1, 32.0, 32.5, 38.3, 40.7, 52.5, 54.1, 55.3, 60.0, 95.9, 96.4,
127.7, 129.4, 130.1, 134.3, 134.5, 137.9, 144.2, 144.9, 160.6, 162.9,
171.2, 173.1, 173.5, 173.7. MS (ESljvz 667 (M + H)". HRMS
(ESI): calcd for GiH43N1007, 667.3316; found, 667.3332. Mp: 165
°C.

N-BenzyloxycarbonylN«-tert-butyloxycarbonyl-(S)-lysinyl-5-amino-
2-(4-methoxybenzyl)-H-pyrazole-3-carboxylic Acid Methyl Ester
[Z-Lys(Boc)-Pz(PMB)-OMe]. A 1.04 g (4.00 mmol, 1.00 equiv)
amount of 5-amino-2-(4-methoxybenzylizyrazole-3-carboxylic acid
methyl este’5®? and 1.67 g (4.40 mmol, 1.10 equiv) btbenzyloxy-
carbonylIN¢-tert-butyloxycarbonyl-§)-lysine were reacted with 1.82 g
(4.40 mmol, 1.10 equiv) of HCTU, 1.86 g (11.0 mmol, 2.75 equiv) of
CI-HOBt, and 1.50 mL (13.2 mmol, 3.30 equiv) of 2,6-lutidine in a
mixture of dry dichloromethane and dry DMF (3:1) according to general
procedure A. The crude product was purified by column chromato-
graphy on silica gel using chloroform/methanol (25:1) to yield the
compound as a yellow solid. Yield: 1.50 mg (2.41 mmol, 60%).
NMR (500 MHz, CDCH): ¢ 1.39 (s, 9H, CHtBu), 1.39-1.45 (m,
4H, CHy-Lys), 1.671.71 (m, 1H, CH-Lys) 1.86-1.92 (m, 1H, CH-

Lys), 3.05 (brs, 2H, CkLys), 3.96 (s, 3H, CEPMB) 4.05 (s, 3H,
OOCH;), 4.35-4.39 (m, 1H,a-CH), 4.69 (brs, 1H, NH), 5.05 (&) =
20.8 Hz, 2H, CH-PMB), 5.13 (d,2J = 20.8 Hz, 2H, CH-PMB), 5.77

(s, 2H, CH-Z), 5.81 (brs, 1H, NH), 6.03 (8] = 8.0 Hz, 2H, CH-
arom.), 7.15 (d3J = 8.0 Hz, 2H, CH-arom.), 7.257.31 (m, 6H, CH-
pyrazole, CH-arom.), 9.20 (brs, 1H, NH}C NMR (500 MHz,
CDCly): 6 22.3, 28.3, 29.4, 31.8, 31.9, 38.6, 39.6, 51.9, 53.8, 55.2,
67.2, 102.6, 109.5, 113.8, 120.1, 126.0, 128.0, 128.1, 128.4, 128.8,
128.9, 131.9, 136.0, 145.4, 156.4, 159.1, 159.9, 169.8. MS (E8Y:
646 (M+ Na, 70)". HRMS: calcd for G:H41NsOgNa, 646.2853; found,
646.2862.R:: 0.18 in chloroform/methanol (25:1)o]na —6.2, T =

20 °C, ¢ = 1.00 in chloroform. Mp: 115C.

Ne-tert-Butyloxycarbonyl-(S)-lysinyl-5-amino-2-(4-methoxyben-
zyl)-2H-pyrazole-3-carboxylic Acid Methyl Ester [H-Lys(Boc)-Pz-
(PMB)-OMe]. A 600 mg (963umol, 1.00 equiv) amount of-ben-
zyloxycarbonyIN¢-tert-butyloxycarbonyl-§)-lysinyl-5-amino-2-(4-
methoxybenzyl)-Bl-pyrazole-3-carboxylic acid methyl ester [Z-Lys(Boc)-

Pz(PMB)-OMe] was stirred together with 5 mol % Pd/C (Degussa Typ
E101 NE/W) in methanol under ajHatmosphere until the starting
material disappeared on TLC. The catalyst was removed by filtration
over kieselguhr, and the solvent was evaporated. The residue was
purified by column chromatography on silica gel using dichloromethane/
methanol (10:1). Yield: 350 mg (714mol, 74%), colorless solidH
NMR (300 MHz, CDC}): 6 1.42 (s, 9H, CH-tBu), 1.41-1.45 (m,
4H, CH-Lys), 1.62-1.70 (m, 1H, CH-Lys), 1.86-1.95 (m, 1H, CH-
Lys), 3.08-3.11 (m, 3H, CH-Lys, NH), 3.56-3.63 (s, 2H, NH), 3.77
(s, 3H, CH-PMB), 3.84 (s, 3H, OOC}), 4.62 (brs, 1Ha-CH), 5.59
(s, 2H, CH-PMB), 6.82 (d,%J = 8.6 Hz, 2H, CH-arom.), 7.19 (d)
= 8.6 Hz, 2H, CH-arom.), 7.26 (s, 1H, CH-pyrazole), 9.99 (brs, 1H,
NH). MS (ESI): 490 (M+ K)*, 512 (M + Na)". HRMS: calcd for
Co4H3sNsOsgNa, 512.2485 found, 512.2507:: 0.41 in dichlo-
romethane/methanol (10:1)ajna +8.3, T = 21 °C, ¢ = 1.00 in
methanol. Mp: 52°C.
N-BenzyloxycarbonylNs-tert-butyloxycarbonyl-(S)-lysinyl-N¢-tert-
butyloxycarbonyl-(S)-lysinyl-5-amino-2-(4-methoxybenzyl)-#-pyra-
zole-3-carboxylic Acid Methyl Ester [Z-Lys(Boc)-Lys(Boc)-Pz-
(PMB)-OMe]. A 300 mg (675«mol, 1.00 equiv) amount ofi*-tert-
butyloxycarbonyl-§)-lysinyl-5-amino-2-(4-methoxybenzyl)F2pyrazol-
3-carboxylic acid methyl ester [H-Lys(Boc)-Pz(PMB)-OMe] and 308
mg (810umol, 1.20 equiv) ofN-benzyloxycarbonyN<tert-butyloxy-
carbonyl-§-lysine were reacted with 335 mg (81@nol, 1.20 equiv)
of HCTU, 344 mg (2.02 mmol, 3.00 equiv) of CI-HOBT, and 284
(2.43 mmol, 3.60 equiv) of 2,6-lutidine according to general procedure
A.Yield: 431 mg (506umol, 72%), pale yellow solidtH NMR (300
MHz, CDCk): 6 1.33-1.99 (m, 12H, CHLys), 1.40, 1.41 (2s, 18H,
CHs-tBu), 3.01-3.08 (m, 4H, CH-Lys), 3.73 (s, 3H, CkPMB), 3.86
(s, 3H, OOCH), 4.14-4.12 (m, 1H0-CH), 4.62-4.75 (m, 3H0-CH,
NH-Boc), 5.11 (s, 2H, CHPMB), 5.49 (d2) = 14.7 Hz, 1H, CH-Z),
5.61 (d,2J = 14.7 Hz, 1H, CH-Z), 6.07 (brs, 1H, NH), 6.70 (¢J =
8.3 Hz, 1H, NH), 6.76 (d3J = 8.6 Hz, 2H, CH-arom.), 7.14 (&) =
8.6 Hz, 2H, CH-arom.), 7.25 (s, 1H, CH-pyrazole), 7.31 (brs, 5H, CH-
arom.), 9.18 (s, 1H, NH}3C NMR (75 MHz, CDC}): 6 22.7, 22.8,
28.5, 29.5. 29.7, 32.5, 39.9, 40.3, 52.1, 53.4, 53.9, 55.2, 55.3, 67.2,
79.2, 102.8, 114.1, 128.3, 128.6, 128.8, 129.1, 129.3, 132.1, 136.4,
145.6, 156.3, 156.4, 159.2, 160.0, 169.5, 172.5. MS (ES8¥x 875
(M + Na)". HRMS (ESI): calcd for GsHeiN;O11Na, 874.4327; found,
874.4322. Mp: 102C. R: 0.57 in dichloromethane/methanol (10:1).
[a]na —10.1,T = 20 °C, ¢ = 1.00 in chloroform.
Ne-tert-Butyloxycarbonyl-(S)-lysinyl-N¢-tert-butyloxycarbonyl-(S)-
lysinyl-5-amino-2-(4-methoxybenzyl)-2-pyrazole-3-carboxylic Acid
Methyl Ester [H-Lys(Boc)-Lys(Boc)-Pz(PMB)-OMe], 8.To a solution
of 400 mg (469umol, 1.00 equiv) ofN-benzyloxycarbonyN¢-tert-
butyloxycarbonyl-§)-lysinyl-N¢-tert-butyloxycarbonyl-§)-lysinyl-5-
amino-2-(4-methoxybenzyl)F2-pyrazole-3-carboxylic acid methyl ester
[Z-Lys(Boc)-Lys(Boc)-Pz(PMB)-OMe] in methanol was added 5 mol
% Pd/C (Degussa Typ E101 NE/W). The reaction mixture was stirred
under a H atmosphere until the starting material disappeared on TLC.
Then the mixture was filtrated over kieselguhr, and the solvent was
evaporated. The residue was purified by column chromatography on
silica gel using dichloromethane/methanol (10:1) to yield compdind
as a colorless solid. Yield: 305 mg (428nol, 91%).*"H NMR (500
MHz, DMSO-dg): 6 1.34, 1.54 (2s, 18H, C#HBu), 1.15-1.87 (m,
14H, CH-Lys, NH,), 2.84-2.88 (m, 4H, CH-Lys), 3.11-3.14 (m,
1H, a-CH), 3.71 (s, 3H, CKPMB), 3.82 (s, 3H, OOCH, 4.39 (brs,
1H, o-CH), 5.51 (d 2 = 14.9 Hz, 1H, CH-PMB), 5.55 (d2J = 14.9
Hz, 1H, CH-PMB), 6.71 (brs, 2H, 2NH), 6.87 (dJ = 8.7 Hz, CH-
arom.), 7.06 (s, 1H, CH-prazole), 7.15 @,= 8.7 Hz, CH-arom.),
8.03, (brs, 1H, NH), 10.78 (s, 1H, NH¥C NMR (75 MHz, DMSO-
de): 0 22.4, 225, 28.2, 28,5, 29.1, 29.4, 31.9, 34.6, 52.1, 52.3, 53.1,
54.5,55.0,77.2,99.3, 101.9, 113.8, 128.7, 129.1, 131.1, 145.9, 155.5,
158.7, 159.3, 170.3, 175.1. MS (ESlwz 741 (M + Na)*. HRMS:
calcd for GsHssN7OgNa, 740.3959; found, 740.3941. Mp: 56.
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2-(24 2-[2-(2-Methoxyethoxy)ethoxy]acetyIN-2-(4-methoxyben- iprop), 3.76 (s, 3H, CEPMB), 3.85 (s, 3H, OOCH), 4.12 (brs, 1H,
zyl)-2H-pyrazolecarboxyl-N¢-tert-butyloxycarbonyl-(S)-lysinyl-N¢- o-CH), 5.03 (brs, 1H, NH), 5.57 (s, 2H, GHPMB), 6.82 (d,3J = 8.6
tert-butyloxycarbonyl-(S)-lysinyl-5-amino-2-(4-methoxybenzyl)-2i- Hz, 2H, CH-arom.), 7.21 () = 8.6 Hz, 2H, CH-arom.), 7.27 (s, 1H,
pyrazole-3-carboxylic Acid Methyl Ester [Glycol-Pz(PMB)-Lys(Boc)- CH-pyrazole), 8.42 (s, 1H, NH}*C NMR (125 MHz, CDC}): 6 17.7,
Lys(Boc)-Pz(PMB)-OMe]. A 260 mg (362«mol, 1.00 equiv) amount 19.6, 28.5, 30.8,52.2, 54.1, 55.4, 60.5, 102.8, 114.2, 129.2, 129.3, 132.2,
of Ne-tert-butyloxycarbonyl-§)-lysinyl-N¢-tert-butyloxycarbonyl-§)- 145.4, 156.1, 159.5 160.2, 169.6. MS (ESh)z 483 (M + Na). MS

lysinyl-5-amino-2-(4-methoxybenzyl)}F2pyrazol-3-carboxylic acid meth- (FD): m'z460 (M)". HRMS (ESI): calcd for GsH3:N4OsNa, 483.2220;
yl ester,8, 220 mg (267umol,1.00 equiv) of 2-(4-methoxybenzyl)-5-  found, 483.2232. Anal. Calcd for,gH3,N4Os: C, 59.99; H, 7.00; N,
{2-[2-(2-methoxyethoxy)ethoxy]acetylamip®H-pyrazole-3-car- 12.17. Found: C, 59.93; H, 7.03; N, 12.10. Mp: 13D R: 0.28 in
boxylic acid,10,°2102 mg (401umol, 1.50 equiv) of 2-chloro-1-meth- n-pentane/diethyl ether (1:1), 0.43 mpentane/ethyl acetate (1:1).
ylpyridinium iodide, and 142L (801 xmol, 3.00 equiv) of diisopropyl- [a]na—11.4,T = 20 °C, ¢ = 0.50 in chloroform.

ethylamine were reacted overnight according to general procedure B.  (S)-Valinyl-5-amino-2-(4-methoxybenzyl)-2-pyrazole-3-carbox-
The residue was purified by column chromatography on silica gel using ylic Acid Methyl Ester Trifluoracetate [H-VPz(PMB)-OMe]. A 700
dichloromethane/methanol (50:1) to yield the compound as a colorless mg (1.52 mmol, 1.00 equiv) amount dEtert-butyloxycarbonyl-§)-

solid. Yield: 179 mg (162:mol, 61%)."H NMR (500 MHz, CDC}): valinyl-5-amino-2-(4-methoxybenzyl)r2pyrazole-3-carboxylic acid

6 1.40 (s, 18 H, CkHBu), 1.40-2.16 (m, 12H, ChtLys), 2.95-3.05 methyl ester [Boc-VPz(PMB)-OMe] was stirred in a mixture of dry
(m, 4H, CH-Lys), 3.32 (s, 1H, Chtglycole), 3.56-3.65 (m, 10H, Ch+ dichloromethane and trifluoroacetic acid (3:1) until the starting material
glycole, 2NH), 3.66, 3.67 (2s, 6H, GHPMB), 3.87 (s, 3H, OOCH, disappeared on TLC (2 h). The solvent was evaporated, the residue
4.11 (d,2J = 15.9 Hz, 1H, CH-glycole), 4.15 (d2) = 15.9 Hz, 1H, was three times dissolved in toluene, and the solvent was again
CHz-Lys), 4.49-4.63 (2m, 2Ho-CH), 5.50-5.65 (m, 4H, CH-PMB), evaporated. Finally, the residue was dissolved in acetone, the solvent
6.78 (d,3J = 8.3 Hz, 4H, CH-arom.), 6.84 (d) = 7.8 Hz, 1H, NH), evaporated, and the residue dried in vacuo to yield the compound as a

7.12, 7.15 (2d2) = 8.6 Hz, 4H, CH-arom.), 7.28 (brs, 2H, CH-  solid. Yield: 720 mg (1.52 mmol, quant}H NMR (300 MHz,
pyrazole), 7.42 (brs, 1H, NH), 9.22, 9.33 (2s, 2H, NHE NMR (500 CDCl): 6 0.82 (d,3] = 6.0 Hz, 6H, CH-Val), 1.95-2.07 (m, 1H,
MHz, CDCE): 6 22.7, 23.0, 28.5, 29.6, 31.3, 31.8, 40.2, 52.1, 53.5, H-iprop), 3.61 (s, 3H, CHPMB), 3.71 (s, 3H, OOCH), 3.96-3.98
53.7,53.9,55.3,70.1, 70.4, 70,5, 70.6, 70.8, 99.1, 102.9, 114.0, 114.1,(m, 1H, a-CH), 5.43 (d,2) = 14.9 Hz, 1H, CH-PMB), 5.54 (d, 2 =
129.0,129.1, 129.3, 129.7, 130.1, 131.1, 145.5, 160.1. MS (ESI): 1130 14.6 Hz, 1H, CH-PMB), 6.65 (d,3) = 8.6 Hz, 2H, CH-arom.), 7.00

(M + Na)*, 1146 (M + K)*. HRMS: calcd for GsH7sN16015Na, (d, 33 = 8.3 Hz, 2H, CH-arom.), 7.03 (s, 1H, CH-pyrazole), 8.06 (brs,
1129.5546; found, 1129.5568: 0.28 in dichloromethane/methanol  3H, NH;*), 10.17 (s, 1H, NH)33C NMR (75 MHz, CDC}): 6 17.3,
(50:1). Mp: 85°C. 18.1, 30.4, 52.2, 54.0, 55.3, 59.2, 103.3, 114.1, 128.8, 129.0, 132.6,
2-(24 2-[2-(2-Methoxyethoxy)ethoxy]acetyl-aminopyrazole-car- 144.7, 159.4, 159.7, 166.8. MS (EShVz 383 (M+ Na)*, 45. HRMS
boxyl-(S)-lysinyl-(S)-lysinyl-aminopyrazole Carboxylic Acid Methyl (ESI): calcd for GeH2aN4O4Na, 383.1695; found, 383.1711. Mp: 75
Ester Trifluoroacetate [Glycol-Pz-Lys-Lys-Pz-OMe], 2.A solution °C. [o]na +18.0, T = 20 °C, ¢ = 1.00 in methanol.
of 170 mg (154umol, 1.00 equiv) of 2-(Z-2-[2-(2-methoxyethoxy)- N-Benzyloxycarbonyl-N¢-tert-butyloxycarbonyl-(S)-lysinyl-(S)-
ethoxy]-acetyIN-2-(4-methoxybenzyl)42-pyrazolecarboxyl9)-N¢-tert- valinyl-5-amino-2-(4-methoxybenzyl)-H-pyrazole-3-carboxylic Acid
butyloxycarbonyl-§-lysinyl-(S-Ne¢-tert-butyloxycarbonyl-lysinyl-2-(4- Methyl Ester [Z-K(Boc)VPz(PMB)-OMe]. A 720 mg (1.52 mmol,
methoxybenzyl)-Bi-pyrazole carboxylic acid methyl ester in tri-  1.00 equiv) amount of9-valinyl-5-amino-2-(4-methoxybenzyl)-

fluoroacetic acid [Glycol-Pz(PMB)-Lys(Boc)-Lys(Boc)-Pz(PMB)-OMe]  pyrazole-3-carboxylic acid trifluoroacetate [H-VPz(PMB)-OMe], 645
was stirred fo 3 h at 70°C under an inert atmosphere. The solution  mg (1.52 mmol, 1.00 equiv) of HCTU, 629 mg (3.80 mmol, 2.50 equiv)
was cooled to toom temperature, and an excess amount of ice-coldof CI-HOBt, and 532 mL (4.56 mmol, 3.00 equiv) of 2,6-lutidine were
diethyl ether was added. The product precipitated as a colorless solid.reacted with 17%L (1.52 mmol, 1.00 equiv) of 2,6-lutidine and 577
This was centrifuged off, washed several times with ice-cold diethyl mg (1.52 mmol, 1.00 equiv) df-benzyloxycarbonyN¢-tert-butyloxy-

ether, and dried in vacuo to yield compouadyield: 100 mg (8&g, carbonyl-§)-lysine in DMF/dichloromethane (1:3) according to general
57%).'H NMR (300 MHz, DMSO¢g): 6 1.29-1.77 (m, 12H, CH procedure A. The remaining brown solid was dissolved in a small
Lys), 2.73-2.79 (m, 4H, CH-Lys), 3.23 (s, 3H, Chtglycole), 3.44- amount of dichloromethane. To this solution was added an excess
3.66 (m, 8H, CH-glycole), 3.82 (s, 3H, OOC¥), 4.10 (s, 2H, Ch amount ofn-pentane. The product precipitated, was filtered off and
Lys), 4.414.50 (m, 2H,a-CH), 6.92 (s, 1H, CH-pyrazole), 7.16 (brs,  dried in vacuo!H NMR (300 MHz, CDC}): 6 0.92 (d,3J = 8.8 Hz,

1H, CH-pyrazole), 7.69 (brs, 6H, N 8.23 (d,2J = 8.0 Hz, 1H, NH), CHs-Val), 0.95 (d3J = 7.0 Hz, CH-Val), 1.41 (s, 9H, CHtBu), 1.19-

8.45 (brs, 1H, NH), 10.13 (s, 1H, NH), 10.79 (s, 1H, NH). The pyrazole 1.70 (m, 6H, CH-Lys), 2.13-2.90 (m, 1H, CHiprop), 2.92 (m, 2H,
NHs are broadened3C NMR (75 MHz, DMSOsg): 6 22.3, 22.5, CHs-Lys), 3.70 (s, 3H, CHPMB), 3.80 (s, 3H, OOC}), 4.27 (brs,
26.5, 26.6, 31.3, 51.8, 52.2, 52.3, 58.0, 69.5, 69.6, 69.7, 70.4, 71.2,1H, a-CH), 4.80 (dd3J = 7.0 Hz,3J = 8.6 Hz, 1H,a-CH), 5.08 (s,
100.0, 167.6, 170.1, 171.4. Only the most intense signals are given.2H, CH-PMB), 5.49 (d 2] = 14.9 Hz, CH-Z), (d,2) = 14.9 Hz, CH-

MS (ESI): m/z667 (M+ H)*. HRMS (ESI): calcd for GaHagN1OoH, 2), 6.68-6.71, (m, 4H, CH-arom.), 6.73 (brs, 1H, NH), 7.01 {d=

667.3527; found, 667.3545. Mp: 1E&. 9.0 Hz, CH-arom.), 7.247.29 (m, 6H, CH-arom), 10.16 (brs, 1H, NH).
N-tert-Butyloxycarbonyl-(S)-valinyl-5-amino-2-(4-methoxybenzyl)- *C NMR (MHz, CDCk): ¢ 18.2, 19.2, 22.6, 28.4, 29.4, 31.6, 32.3,

2H-pyrazole-3-carboxylic Acid Methyl Ester [Boc-VPz(PMB)- 39.8,51.9, 53.6,55.2,58.6, 67.2, 77.2, 79.1,101.2, 113.8, 128.1, 128.4,

OMe]_ A 820 mg (3_15 mmol, 1.00 equiv) amount of 5_amino_2_(4_ 128.5, 129.1, 132.0, 136.1, 145.5, 156.2, 156.6, 159.0, 159.8, 169.2,
methoxybenzyl)-Bi-pyrazole-3-carboxylic acid methyl es&? and 685 172.8. MS (ESI): 746 (M- Na)". HRMS: calcd for G/HsoNsOoNa,

mg (3.15 mmol, 1.00 equiv) di-tert-butyloxycarbonyl-§)-valine were 745.3537; found, 745.3539. Mp: 38. [a]na: —15.5,T=20°C,c=
reacted with 1.30 g (3.15 mmol, 1.00 equiv) of HCTU, 1.34 g (7.87 0.75 in chloroform.

mmol, 2.50 equiv) of CI-HOBt, and 1.10 mL (9.45 mmol, 3.00 equiv) Ne-tert-Butyloxycarbonyl-(S)-lysinyl-(S)-valinyl-5-amino-2-(4-

of 2,6-lutidine in a mixture of dry dichloromethane/dry DMF (3:1)  methoxybenzyl)-H-pyrazole-3-carboxylic Acid Methyl Ester [H-K-
according to general procedure A. The residue was purified over silica (Boc)VPz(PMB)-OMe], 9.A 5.50 g (7.11 mmol, 1.00 equiv) amount
gel usingn-pentane/ethyl acetate (1:1) as eluent to yield the compound of N-benzyloxycarbonyN¢-tert-butyloxycarbonyl-§)-lysinyl-(S)-vali-

as a colorless solid. Yield: 750 mg (1.63 mmol, 52%).NMR (500 nyl-5-amino-2-(4-methoxybenzyl)F2pyrazole-3-carboxylic acid meth-
MHz, CDChk): ¢ 0.92 (d,%J = 7.1 Hz, 3H, CH-Val), 0.99 (d,3) = yl ester [Z-K(Boc)VPz(PMB)-OMe] was dissolved in a small amount
6.9 Hz, 3H, CH-Val), 1.34 (s, 9H, CHtBu), 2.24-2.31 (m, 1H, CH- of THF and diluted with methanol (THF:methanol, 1:20) To this

3024 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005



[3-Sheet Ligands in Action

ARTICLES

solution was added 5 mol % Pd/C (Degussa Typ E101 NE/W), and n-pentane, and dried in vacuo to yield compo@ield: 15 mg (17

the reaction mixture was stirred overnight under.ekiosphere. The

umol, 15%)53 1H NMR (500 MHz, DMSOds): 6 0.87 (d,3] = 6.6

catalyst was filtered off using kieselguhr, and the solvent was Hz, 3H, CH-Val), 0.88 (d,2J = 6.6 Hz, 3H, CH-Val), 1.30-1.39 (m,
evaporated. The remaining residue was purified on a silica gel column 2H, CH,-Lys), 1.506-1.59 (m, 2H, CH-Lys), 1.671.76 (m, 2H, CH-
using dichloromethane/methanol (10:1) as eluent to yield comp8und Lys), 2.01 (qd2J = 6.9 Hz,3J = 13.6 Hz, 1H, CHiprop), 2.72-2.81

as a colorless solid. Yield: 3.35 g (5.68 mmol, 80%).NMR (300
MHz, CDCk): 4 0.95 (d,%J = 7.0 Hz, 3H, CH-Val), 0.98 (d,3] =
7.0 Hz, 3H, CH-Val), 1.52 (s, 9H, ChBu), 1.53-1.86 (m, 8H, NH,
CH,-Lys), 2.22-2.29 (m, 1H, CHiprop), 3.05-3.13 (m, 2H, CH-
Lys), 3.44 (dd,%J = 4.3 Hz,3) = 3.6 Hz, 1H,0-CH), 3.75 (s, 3H,
CHs-PMB), 3.83 (s, 3H, OOCH), 4.43-4.48 (m, 1H,a-CH), 4.56-
4.60 (m, 1H,a-CH), 5.56 (s, 2H, CR+PMB), 6.81 (d,3J = 8.6 Hz,
2H, CH-arom.), 7.17 (d%J = 8.6 Hz, 2H, CH-arom.), 7.26 (s, 1H,
CH-pyrazole), 7.97 (d8J = 8.6 Hz, 1H, NH), 8.98 (s, 1H, NH)C

NMR (75 MHz, CDCE): ¢ 18.1, 19.6, 23.0, 28.5, 29.9, 30.7, 34.6,

(m, 2H, CH-Lys), 3.23 (s, 3H, Chtglycole), 3.45-3.47, 3.55-3.59,
3.64-3.66 (3m, 8H, CHkglycole), 3.82 (s, 3H, OOC}), 4.10 (s, 2H,
CH,-glycole), 4.36 (dd3J = 7.2 Hz,3J = 8.4 Hz, 1H,a-CH), 4.46-

454 (m, 1H, a-CH), 6.91 (s, 1H, CH-pyrazole), 7.16 (s, 1H,
CH-pyrazole), 7.66 (brs, 3H, Nfi), 7.99 (d,%J = 8.7 Hz, 1H, NH),

8.49 (d, 1H3J = 6.9 Hz, 1H, NH), 10.10 (s, 1H, NH), 10.78 (s, 1H,
NH). The pyrazole NHs are broadené#z NMR (125 MHz, DMSO-

de): 0 18.1, 19.1, 22.5, 26.6, 30.7, 30.9, 38.7, 51.8, 52.5, 57.8, 57.9,
69.5, 69.6, 69.7,70.4,71.2, 96.3, 99.0, 114.4, 116.7, 158.1, 158.4, 159.1,
159.6, 167.6, 169.5, 171.6. Mp: 13€. MS (ESI): 683 (M+ H)*.

34.7,38.7,40.3,52.1,54.0,55.2, 55.4, 58.5, 102.9, 114.1, 129.1, 132.0MS (ESI): m/z 638 (M + H)*. HRMS: calcd for G/HsNgOg,

145.5, 156.2, 159.3, 160.1, 169.3, 175.9. MS (ESI): 5897(\sjL1
(M + Na)". HRMS: calcd for GsHasNgO7, 589.3350; found, 589.3351.
Mp: 47 °C. R:: 0.11 in dichloromethane/methanol (10:1).

2-(2{ 2-[2-(2-methoxyethoxy)ethoxy]acetyl-2-(4-methoxybenzyl)-
2H-pyrazole-carboxyl-(S)-N¢-tert-butyloxycarbonyl-lysinyl-( S)-vali-
nyl-2-(4-methoxybenzyl)-H-pyrazolecarboxylic Acid Methyl Ester
[Glycol-Pz(PMB)K(Boc)VPz(PMB)-OMe]. A 100 mg (169umol,
1.00 equiv) amount dfi<-tert-butyloxycarbonyl-§)-lysinyl-(S)-valinyl-
5-amino-2-(4-methoxybenzyl)-&-pyrazole-3-carboxylic acid methyl
ester,9, and 104 mg (254mol, 1.50 equiv) of 2-(4-methoxybenzyl)-
5-{2-[2-(2-methoxyethoxy)ethoxy]acetylamin@H-pyrazole-3-car-
boxylic acid, 1052 56 mg (204 umol, 1.80 equiv) of 2-chloro-1-
methylpyridinium iodide, and 133L (760 umol, 4.50 equiv) of

638.3262; found, 638.3264.
(9)-Lysinyl-(S)-lysinyl-(S)-leucinyl-(S)-valinyl-( S)-phenylalaninyl-
(S)-phenylalanine Trifluoroacetate [KKLVFF]. The peptide was
synthesized using solid-phase techniques on an Applied Biosystems
433A peptide synthesizer. All chemicals were supplied for a test period
by Applied Biosystems. Fmoc-Phe preloaded Wang resin was used.
The coupling cycles were carried out using 5 equiv of Fmoc-protected
amino acid, 4.95 equiv of HBTU, 15.0 equiv of HOBt, and 15.0 equiv
of DIEA. The deprotection was performed using 20% piperidine in
DMF (2 x 10 min). Cleavage from the resin was carried out with 95%
trifluoroacetic acid, 2.5% water, and 2.5% triisopropylsilane. The
peptides were subsequently filtered from the resin and precipitated using
ice-cold diethyl ether'H NMR (400 MHz, DMSO¢s): 6 0.70 (d,%J

diisopropylethylamine were reacted according to general procedure B. = 5.8 Hz, 6H, CH-Val), 0.79 (d,J = 6.6 Hz, 3H, CH-Lys), 0.85 (d,
The crude product was purified on a silica gel column using a gradient _3-] = 6.8 Hz, 3H, CH-Lys), 1.30-1.68 (m, 14H, CktLys, CH2-Leu,
of n-pentane/ethyl acetate (5:1) to pure ethyl acetate as eluent. Yield: i-Prop-H), 1.85-1.90 (m, 2H, CH-Lys), 2.71-2.76 (m, 5H, CH-Lys,

110 mg (112«mol, 66%), colorless solidH NMR (400 MHz, DMSO-
de): 0 0.72 (d, 3H,2J = 6.7 Hz, CH-Val), 0.74 (d, 3H.2J = 6.7 Hz,
CHs-Val), 1.22-1.35 (m, 3H, CH-Lys, CH-iprop), 1.34 (s, 9H, CH
tBu), 1.73-1.97 (m, 4H, CH-Lys), 2.98 (brs, 2H, ChktLys), 3.30 (s,
3H, CHs-glycole), 3.54-3.72 (m, 8H, CH-glycole), 3.72 (s, 6H, Ck
PMB), 3.82 (s, 3H, OOC#), 4.13 (d,2J = 16.1 Hz, 1H, CH-glycole),
4.19 (d,2) = 16.1 Hz, 1H, CH-glycole), 4.56-4.55 (m, 1H,a-CH),
4.61-4.70 (m, 1H,0-CH), 5.48-5.66 (m, 4H, CH-PMB), 6.75-6.77
(m, 4H, CH-arom.), 6.94 (%) = 9.1 Hz, 1H, NH), 7.07 (d3J = 8.4
Hz, 2H, CH-arom.), 7.18 (d#J = 8.7 Hz, 2H, CH-arom.), 7.28 (s, 1H,
CH-pyrazole), 7.33 (s, 1H, CH-pyrazole), 7.90 ¢d,= 8.1 Hz, 1H,
NH), 9.22, 9.98 (2s, 2H, NH)}*C NMR (100 MHz, DMSO€): o

Benzyl-CH), 2.91 (dd3J = 8.6 Hz,2) = 14.0 Hz, 1H, Benzyl-CH),
2.97 (dd;3) = 4.2 Hz,2) = 14.3 Hz, 1H, Benzyl-CH), 3.05 (dd) =

5.4 Hz,2) = 14.0 Hz, 1H, Benzyl-CH), 3.78 (brs, 1k-CH), 4.10
(dd,3J = 6.8 Hz,3] = 8.6 Hz, 1H,a-CH), 4.28-4.34 (m, 2H,0-CH),
4.27-4.48 (m, 1H,0-CH), 4.52-4.58 (m, 1H,a-CH), 7.13-7.28 (m,

10H, H-arom.), 7.61 (d8J = 8.9 Hz, 1H, NH), 7.81 (brs, 6H, Ni
Lys), 7.98 (d,3] = 8.6 Hz, 1H, NH), 8.178.19 (m, 4H, NH-Lys,

NH), 8.22 (d,3) = 7.5 Hz, 1H, NH), 8.56 (d3] = 7.9 Hz, 1H, NH).

13C NMR (100 MHz, DMSOsl): 6 17.8, 19.1, 20.9, 21.4, 22.1, 23.1,
24.1, 26.4, 26.6, 30.5, 30.8, 31.4, 38.4, 38.6, 50.9, 51.8, 52.3, 53.4,
57.3, 115.6, 118.6, 126.2, 126.4, 127.9, 128.2, 129.1, 137.3, 137.5,
168.2, 170.4, 170.8, 170.9, 171.5, 172.6. MS (ESKyz 782 (M +

18.0, 19.1, 20.7, 23.2, 28.5, 19.7, 30.7, 31.7, 40.4, 52.1, 53.6, 53.8,H)". HRMS: calcd for GiHsNsO;H, 781.4976; found, 781.5001.
53.9, 55.3, 58.3, 59.1, 70.3, 70.5, 70.8, 71.5, 72, 99.2, 102.9, 113.7,Mp: 165-170°C. [a]na: —23.3, T = 20 °C, ¢ = 1.00 in methanol.

113.9, 128.8, 129.2, 129.6, 132.1, 134.7, 144.8, 145.7, 156.2, 159.2,

159.3, 160.1, 168.6, 169.5, 171.7. MS (ESiyz 1001 (M + Na)".

HRMS: calcd for GgHezN9sO13Na, 1000.4756; found, 1000.4768. Mp:

52 °C. R: 0.42 in ethyl acetate.

2-(2{ 2-[2-(2-Methoxyethoxy)ethoxy]acetyl-aminopyrazolecarboxyl-
(S)-lysinyl-(S)-valinyl-aminopyrazole Carboxylic Acid Methyl Ester
Trifluoroacetate [Glycol-PzKVPz-OMe], 3. A 100 mg (112umol,
1.00 equiv) amount of 2-(22-[2-(2-methoxyethoxy)ethoxy]acetyl-2-
(4-methoxybenzyl)-B-pyrazole carboxyNe-tert-butyloxycarbonyl-§)-
lysinyl-(S)-valinyl-2-(4-methoxybenzyl)-2-pyrazole carboxylic acid
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methy! ester [Gly-Pz(PMB)K(Boc)VPz(PMB)-OMe] was stirred under NOESY, DQF-COSY and TOCSY of the KKLVFF peptide,
an inert atmosphere in dry trifluoroacetic acid h at 70°C. The Karplus analysis of th&ly y-coupling constants of the KLVFF
solution was cooled to room temperature, and an excess amount ofpeptide, VT experiments and calculated ppb/K values, CD
ice-cold diethyl ether was added. The mixture was stored overnight at spectra of hosts, guest, and their complexes, ESI-MS of ligand

0 °C. A small amount of the product precipitated as colorless crystals. 5 \with KKLVEE and AB(1—40). This material is available free
These were filtered off, and the remaining solution was evaporated. of charge via the Internet at http://pubs.acs.org

The residue was several times dissolved in toluene, and the solvent
was again evaporated. Finally, the residue was dissolved in dichlo- JAO45558B
romethane and an excess amoumnt-gentane was added. The product
precipitated as a colorless solid, which was filtered off, washed with (53) The yield for the crystals was not determined.

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 3025



