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Peptide mimetics are of considerable interest as bioactive agents and drugs. C-terminally modified peptide
mimetics are of particular interest given the synthetic versatility of the carboxyl group and its derivatives.

A general approach to C-terminally modified peptide mimetics, based on a urethane attachment strategy
and amino acid-butyl ester-based N-to-C peptide synthesis, is described. This approach is compatible with
the reaction conditions generally employed for solution-phase peptide mimetic synthesis. To develop and
demonstrate this approach, it was employed for the solid-phase synthesis of peptide trifluoromethyl ketones,
peptide boronic acids, and peptide hydroxamic acids. The development of a versatile general approach to
C-terminally modified peptides using readily available starting materials provides a basis for the combinatorial
and parallel solid-phase synthesis of these peptide mimetic classes for bioactive agent screening and also
provides a basis for the further development of solid-phase C-terminal functional group elaboration strategies.

Introduction terminally modified peptide mimetics have been described

Many biological processes are regulated at the level of (reviewed in ref 31). These approaches can be divided into
peptides and proteins interacting with their biological targets. Several subcategories, including attachment through the
The development of solid-phase approaches to peptideC-terminal functional group or precursor followed by
synthesis provided the means to systematically explore Standard C-to-N peptide synthesis, attachment through the
peptide and protein biochemistry, for which Merrifield was backbone followed by C-to-N peptide synthesis, and attach-
awarded the Nobel Prize in Chemistry in 1982olid-phase ~ ment through the amino terminus followed by N-to-C
peptide chemistry subsequently provided a foundation for (inverse) peptide synthesis (inverse solid-phase peptide
the development of combinatorial methods for finding and Synthesis; ISPPS). The first of these general approaches,
optimizing peptide-based agents and is now widely used for based on C-terminal functional group specific attachment
both peptide- and non-peptide-based agents (reviewed instrategies, is limited to a specific functional group and does
refs 2, 3). Peptide mimetics are agents closely related to pep-hot allow further elaboration of the final functional group
tides but with key functional group modifications tailored to be made on the resin, for example for preparing additional
for specific properties and applications. Peptide mimetics are derivatives of a C-terminal aldehyde. The second general
of high interest as bioactive agents and drugs, and a numbeapproach does allow further reaction of the final functional
of drugs in current use are peptide mimetics, including ACE group, but suffers, as does the first general approach, from
inhibitors? HIV protease inhibitor§,and the anti-myeloma the limitation that the peptide chain is synthesized in the
agent Velcad& Many biological processes can conceivably C-to-N direction, away from the C-terminal functional group.
be targeted through suitably designed peptide mimetics, andFor split-pool combinatorial peptide mimetic synthesis fol-
the development of general solid-phase approaches to suctiowed by iterative deconvolution to obtain optimized agents,
agents is expected to greatly facilitate efforts to develop and which is arguably one of the better approaches to combina-
refine peptide mimetics for such applications. torial optimization3? it is the last residues added that are

Many peptide mimetic classes of interest as bioactive optimized first. In both the first and second of the above
agents are modified on the C terminus or are derived from cited general approaches, these are the residues furthest away
carboxyl group modifications and reactions. Simple C- from the C-terminal functional group. It seems most reason-
terminal peptide mimetics include peptide trifluoromethyl able when optimizing a C-terminal peptide mimetic for a
ketones| peptide boronic acid®;** peptide hydroxamic  specific application to optimize the residues closest to the C
acids!* peptide alcohol$31® and peptide aldehydés:?! terminus first.

Peptide mimetic classes which can be accessed through |, contrast to the functional group specific and backbone
carboxyl group chemistry also |;10clu_de statine homolo§U€s 43 hment strategies, the third approach, based on ISPPS,
and hydroxyethylene isoster€s3° Given the interest in these provides the C terminus of the nascent peptide mimetic for

peptide mimetic classes, a number of approaches to C'elaboration into any desired functional group and for further
*To whom correspondence should be addressed. E-mail: gutheiw@ €laboration into additional derivatives and also allows the
umke.edu. residues closest to the C terminus to be optimized first when
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using a split-pool/iterative deconvolution optimization Scheme 1.Loading of the First Amino Acidert-Butyl Ester

strategy. There have been a number of efforts to develop cocl, 0
effective ISPPS strategies. Such an approach was first O@*CHzOH TR CHz0CCI
suggested by Letsinger and Korffatsing amino acid ethyl

esters. Another early report on ISPPS described the use of lNHTAAI'OtB”
amino acid hydrazide¥.More recently, amino acid 9-fluo- iy
renylmethyl (Fm) ester®¥, amino acid trit-butyloxysilyl 0

esters® and amino acid allyl estefshave been used for O_@CHZOCNH‘M@[BU

ISPPS. However, few if any of these amino acid derivatives

. . . o Scheme 2. Amino Acid tert-Butyl Ester-Based ISPPS
are currently commercially available. Amino acid silyl esters

Cer o} o
are difficult to prepare, unstable to store, and unstable under OCNH-AAOBY  —Doprotect | O/\o&NH.AA14:oc>H
peptide coupling conditions. The Fm ester approach looks 8 " e

attractive considering its similarity to standard Fmoc-based
C-to-N SPPS, but Fm esters are not as stable as Fmoc amint D Haprotach 0

acids, and Fm ester-based inverse peptide synthesis appalo/\oémH.%_Mz_Ms_mBu < Couple O/\OCNH-AAer-OlBU
ently suffers from this limitation. The Fm ester approach Al

also suffers from significant racemization during coupling
reactions® The allyl ester-based approach is practicable and
appears currently to be the method most competitive with NHz-AA-AAz-AA3-COOH

the t-butyl ester-based ISPPS method described below. 250% TFA/DCM;®HATU/TMP, 5 equiv of AA-OtBuHCI; ©10%
However, allyl esters are also not generally available TFMSA/TFA.

commercially, and deprotection requires the use of 20 mol 1+ pie 1. Amino Acid t-Butyl Ester-Based ISPPS Protocol
% of Pd(PPHK)4, a heavy metal-based reagent. These strate-
gies for ISPPS, therefore, appear less than ideal, especially

Deprotect,

Cleave ac

repetition and

. . - . o description reagent duration
since suitable amino acid derivatives are not generally OtBu deprotection 25% TEAIDCM 2 5%
available commercially. . ' 50% TFA/DCM 1x 30 min

The strategy we are pursuing for ISPPS development is washes DCM % 5s
based on amino acitdbutyl esters® Favorable features of NMP?2 2% 5s
this approach are that amino ac¢itlutyl esters are stable, a DCM 3x5s
large selection are commercially available, and the synthesis cyjyation/coupling 5¢ HATU 12h
of commercially unavailable monomers is relatively straight- 5 x AA-OtBu-HCI
forward3® Thet-butyl ester strategy also has the benefit that 10 x TMP in DMF
this approach is exactly the inverse of the well-developed washes DCM Xx5s
Boc strategy for normal C-to-N peptide synthesis, and the DMF 3x5s

extensive knowledge of side chain protection strategies and aNMP: 1-methyl-2-pyrrolidinone.
other chemical details can therefore be transferred from Boc
chemistry tot-butyl ester chemistry. and 2. Hydroxymethyl polystyrene resin (100 mg, 0.1 mmol)
Our initial report on this strategy was based on the use of was converted to the chloroformate by treating with 10 equiv
standard Boc chemistry resins (hydroxymethyl, Pam, and of phosgene in dichloromethane (DCM) for 30 min and then
MBHA) combined with dicarboxylic acid linkers, such as drying under vacuurf® The first amino acid was loaded onto
succinate, Glu, and Gff#.The disadvantage of this approach the resin by adding a solution of 10 equiv of amino acid
is that the dicarboxylic acid linker remains in the peptide t-butyl ester and 10 equiv oN,N-diisopropylethylamine
products, and a “linkerless” strategy which provides the (DIPEA) in dimethylformamide (DMF) to the dried resin
desired peptide/mimetic products without the presence of aand stirring for 4 h. To assess loading efficiency, Phe was
linker was desired. Other approaches to ISPPS have solvedised as the first residue. After loading and washing, Phe
the attachment problem in several ways, including through was cleaved from the resin by treatment with 10% trifluo-
tritylamine attachmer#*” urethane attachmef3*“%or with romethanesulfonic acid (TFMSA)/trifluoroacetic acid (TFA)
photocleavable linker¥.In this report, we describe a simple  for 1 h and quantitated by HPLC. After loading the first
urethane attachment strategy compatible with amino acid residue, possib|e unreacted hydroxy| groups were Capped
t-butyl ester-based ISPPS which provides product peptidesyjith acetic anhydride (A©)/DIPEA as a precaution before
without linkers, in high purity and yield, and with low  performing inverse peptide synthesis reactions.

racemization of amino acid residues. This strategy is also A ino Acid t-Butyl Ester-Based ISPPS After loading
demonstrated for solid-phase peptide mimetic synthesis bythe t-butyl ester of the first residue was deprotected with

it? application to the solid_—phase s_ynth_esis of pepti_de 50% TFA/DCM, and synthesis cycles were performed as
Lrlf:jurg;(;nr:]eiz;h;/(l:iléitones, peptide boronic acids, and peptide outlined in Table 1. Cleavage from the resin was ac-
y : complished with 109% TFMSA/TFA for 2 h. To demonstrate
Experimental Section this approach, seven tripeptides were synthesized (Table 2).
Resin Activation and First Residue Attachment.The These peptides were analyzed by HPLC for purity and yield
attachment and ISPPS strategy are outlined in Schemes Jand for amino acid racemization using Marfey’s readéft.



Synthesis of C-Terminally Modified Peptide Mimetics

Table 2. Molecular Weight Confirmation and Purities of the
Synthesized Peptides and Peptide Mimetics

mol wt from [M+H]*

purity
sample calcd fourtd %
1 Tyr-Ala-Phe 400.2 399.8 88
2 Tyr-Gly-Orn 353.2 352.7 92
3 Tyr-Ala-Val 352.2 351.8 89
4 AsnD-Val-Leu 345.2 344.8 87
5 Asn-Leu-Glu 375.2 374.8 81
6 Gly-lle-Thr 290.1 289.7 82
7 Phe-Ala-Gly 294.1 293.6 81
8 Asn-Leu-Glu-boroAla 428.2 427.8 74
9 Phe-Ala-Gly-boroAla 347.0 346.7 75
10 Tyr-Ala-Phe- 523.2 523.4 86
NHCH(CHs)COCH;
11 Tyr-Gly-Orn- 494.2 494.5 87
NHCH(CHs)COCR+H,0
12 Phe-Ala-Gly-NHOH 309.1 308.7 81
13 Phe-Leu-Val-NHOH 393.4 392.9 79

aDetermined on an aQa ThermoQuest (Finnigan) LC/MS instru-
ment equipped with atmospheric-pressure ionization (API) elec-
trospray source? Determined by HPLC analysis of the crude
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Scheme 4.0n-Resin Synthesis of Peptide Boronic Acids
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aHATU/TMP, 5 equiv of bL-boroAla-pinacol (HCI salt) in DMF for
4h; 2 10% TFMSA/TFA, 2h.

Scheme 5.0n-Resin Synthesis of Peptide Hydroxamic
Acids

NHOtBu

o]

1]
QPeptide—COOH —2» (—Peptide—C—
ib
o
Peptide-C-NHOH

aHATU/TMP, 5 equiv of O-(t-butyl)hydroxylamine hydrochloride in
DMF for 4 h;? 10% TFMSA/TFA, 2h.

product on a Hewlett-Packard series 1050 system equipped with aTFMSA/TFA. Peptide trifluoromethyl ketones are often

C18 column (Solvent miser, 2.% 250 mm, 5.0um particles).

detected in LC/MS as their hydrates. The lack of detectable

Compounds were separated by gradient elution; 0% of solvent B trifjyoromethyl alcohols indicated quantitative oxidation.

(0.1% TFA in 70% aqueous acetonitrile) in solvent A (0.1% TFA
in water) for 1 min, then 8100% of solvent B in solvent A in 10
min, then 6-100% of solvent C (0.095% TFA in acetonitrile) in
solvent B in 5 min.

Table 3. Percentage Racemization Determined with
Marfey’s Reagerit-#2for the Indicated Peptides

peptide AA AA, AA;
Tyr-Ala-Phe D-Tyr (1.2%) Db-Ala (1.4%) b-Phe (1.0%)
Tyr-Gly-Orn D-Tyr (1.3%) NA D-Orn (1.2%)
Tyr-Ala-Val D-Tyr (1.2%) b-Ala (1.2%) b-Val (1.4%)

AsnD-Val-Leu b-Asn (1.4%) L-Val (1.5%) b-Leu (1.1%)

Scheme 3.0n-Resin Synthesis of Peptide Trifluoromethyl
Ketones

CHj

a |
(Q—Peptide—COOH —> O—Peptlde—%—NHCHCI)HCFa
0 OH
l b
c H3 CHjy

1 c |
Peptide—C—NHCHCCF; =<—— (()—Peptide—C—NHCHCCF;
i o i a

aHATU/TMP, 5 equiv of NBCH(CHz)CH(OH)CF;, in DMF for 4 h;
b 10 equiv of 1,3-dicyclohexylcarbodiimide (DCC)/1 equiv CHCOOH/
100uL dimethyl sulfoxide (DMSO)/10Q.L of toluene, 18 h, repeat once;
€10% TFMSA/TFA, 2 h.

The observed racemization of individual amino acids was
<2% (Table 3).
ISPPS of Peptide Trifluoromethyl Ketones.Two peptide

ISPPS of Peptide Boronic AcidsPeptide boronic acids
were synthesized using the approach outlined in Scheme 4.
pL-BoroAla-pinacol was synthesized as described previ-
ously!43 Resin loaded with Phe-Ala-Gly or Asn-Leu-Glu
was coupled with boroAla-pinacol (HCI salt) using the
HATU/TMP coupling protocol, followed by cleavage with
10% TFMSA/TFA to give the corresponding peptide boronic
acids.

ISPPS of Peptide Hydroxamic Acids.Peptide hydrox-
amic acids were synthesized using the approach outlined in
Scheme 5. Resin loaded with Phe-Ala-Gly or Phe-Leu-Val
was coupled wittD-(t-butyl)hydroxylamine (HCI salt) using
HATU/TMP, followed by cleavage with 10% TFMSA/TFA
to give the corresponding hydroxamic acids.

Results and Discussion

Resin Activation and First Amino Acid Loading.
Following the procedure outlined above with Phe as the
loaded residue, quantitation of Phe by HPLC with detection
at 260 demonstrated95% loading efficiency with this
method.

ISPPS on Urethane-Attached Nascent Peptidegfter
loading and capping, ISPPS was performed using the
synthesis cycles outlined in Table 1. Seven tripeptides were
synthesized in good yield and purity, as determined by HPLC
and LC/MS (Table 2), using this approach. Analysis of four
of these tripeptides for racemization using Marfey’s method

trifluoromethyl ketones were synthesized using the approachdemonstrated low levels of racemization using this ISPPS
outlined in Scheme 3. The precursor aminotrifluoromethyl approach (Table 3). In a previous study based on the use of

alcohol was synthesized as described previoti&lyResin
loaded with Tyr-Ala-Phe or Tyr-Gly-Orn was coupled with
this aminotrifluoromethyl alcohol using the HATU/TMP
coupling procedure to give the corresponding peptide tri-
fluoromethyl alcohols. Oxidation of the on-resin trifluoro-
methyl alcohols was performed by Pfitzrevioffat oxida-
tion3844.45tg give the corresponding peptide trifluoromethyl

dicarboxylic acid linkers? succinyl linkers had previously
been observed to give high levels of racemization in ISPPS,
a problem which could be solved by the use Nff-Cbz
protected Glu as the dicarboxylic acid linker. The presence
of ana-urethane presumably suppressed racemization through
oxazalone formation. The presence of Glu-based linkers in
peptide products from this original attachment strategy was

ketones, which were then cleaved from the resin using 10% undesirable for most applications of ISPPS, and a urethane
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attachment strategy seemed likely to be compatible with (11) Kettner, C. A.; Shenvi, A. BJ. Biol. Chem.1984 259,

t-butyl ester-based ISPPS, to suppress first residue racemi-
zation and to provide peptide/mimetics without an unwanted 12)
linker. Results witht-butyl ester-based ISPPS using such a

15106-15114.

Bachovchin, W. W.; Wong, W. Y.; Farr-Jones, S.; Shenvi,
A. B.; Kettner, C. A.Biochemistryl988 27, 7689-7697.
(13) Groziak, M. PAm. J. Ther2001, 8, 321-328.

urethane attachment strategy demonstrate that this approach(14) zhang, W.; zhang, L.; Li, X.; Weigel, J. A.: Hall, S. E.;

can provide short peptides in high yields and purity (Table

2) and with low racemization in all residues (Table 3).
C-Terminal Peptide Mimetic Synthesis.The principle

motivation for developing an effective method for ISPPS

based on readily available amino atidutyl ester monomers

is our interest in developing novel peptide mimetics as
antibacterial agent$. To demonstrate the potential of the
approach described here for peptide mimetic synthesis, two
peptide boronic acids, two peptide trifluoromethyl ketones,
and two peptide hydroxamic acids were synthesized follow-
ing the procedures outlined above. These products were also

obtained in good yield and purity (Table 2, entries1®),

demonstrating for the first time a general, convenient, and

Mayer, J. PJ. Comb. Chem2001, 3, 151-153.

(15) Cafiso, D. SAnnu. Re. Biophys. Biomol. Strucil994 23,
141-165.

(16) Chugh, J. K.; Wallace, B. ABiochem. Soc. Tran2001,
29, 565-570.

(17) Umezawa, H.; Aoyagi, T.; Morishima, H.; Matsuzaki, M.;
Hamada, M.J. Antibiot. (Tokyo)197Q 23, 259-262.

(18) Morishima, H.; Takita, T.; Aoyagi, T.; Takeuchi, T.;
Umezawa, HJ. Antibiot. (Tokyo)197Q 23, 263—265.

(19) Thompson, R. CBiochemistryl973 12, 47—51.

(20) Rock, K. L.; Gramm, C.; Rothstein, L.; Clark, K.; Stein, R.;
Dick, L.; Hwang, D.; Goldberg, A. LCell 1994 78, 761—
771.

(21) Banerjee, D.; Liefshitz, AAnticancer Res2001, 21, 3941~
3947.

effective ISPPS-based approach to C-terminally modified (22) Marciniszyn, J., Jr.; Hartsuck, J. A.; TangAdw. Exp. Med.

peptide mimetics.

Summary

t-Butyl ester-based ISPPS was demonstrated with a
urethane attachment strategy. This approach provides pep-
tides in high yield and purity, with low racemization in all
residues and without a linker residue appearing in the final
products. To demonstrate the potential of this approach for

Biol. 1977, 95, 199-210.

(23) Rittle, K. E.; Homnick, C. F.; Ponticello, G. $. Org. Chem.
1982 47, 3016-3018.

(24) Fehrentz, J. A.; Chomier, B.; Bignon, E.; Venaud, S.;
Chermann, J. C.; Nisato, Biochem. Biophys. Res. Com-
mun.1992 188 873—-878.

(25) Fehrentz, J. A.; Chomier, B.; Bignon, E.; Venaud, S.;
Chermann, J. C.; Nisato, Biochem. Biophys. Res. Com-
mun.1992 188 865-872.

solid-phase peptide mimetic synthesis, it was also demon- (26) Travins, J. M.; Bursavich, M. G.; Veber, D. F.; Rich, D. H.

strated for the synthesis of three C-terminally modified
peptide mimetic classegeptide boronic acids, peptide

trifluoromethyl ketones, and peptide hydroxamic acidiso

in high yield and purity. Its seems reasonable to expect that

Org. Lett.2001, 3, 2725-2728.

(27) Hom, R. K.; Gailunas, A. F.; Mamo, S.; Fang, L. Y.; Tung,
J. S.; Walker, D. E.; Davis, D.; Thorsett, E. D.; Jewett, N.
E.; Moon, J. B.; John, VJ. Med. Chem2004 47, 158—
164.

many peptide mimetic classes will be accessible with this (28) Dreyer, G. B.; Lambert, D. M.; Meek, T. D.; Carr, T. J.;

methodology, providing for the first time an effective general
solid-phase approach to accessible peptide mimetic classes

Tomaszek, T. A., Jr.; Fernandez, A. V.; Bartus, H.; Caccia-
villani, E.; Hassell, A. M.; Minnich, M.; Petteway, S. R.,
Jr.; Metcalf, B. W.Biochemistryl1992 31, 6646-6659.

using readily available starting materials. This approach is (29) Konvalinka, J.; Litera, J.; Weber, J.; Vondrasek, J.; Hradilek,

well-suited for use with combinatorial chemistry-based
strategies for drug and bioactive agent discovery and

optimization.
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