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We report highly efficient two-step procedures for the synthesis of 1,3-oxazole-, thiazole-, and imidazole-containing peptides on solid phase
from dipeptides composed of C-terminal threonine, serine, cysteine, or diaminopropionic acid by using different cyclodehydration procedures

followed or preceded by oxidation. The methods are compatible with Fmoc solid-phase peptide synthesis conditions and with

N-Cbz, and N-Alloc protecting groups.

N-Fmoc, N-Boc,

A broad spectrum of natural products containing oxazoles in combinatorial chemistry and also as peptidomimetics.
and thiazoles has been isolated from marine organisms oveBecause of their important role in bioactive compounds,

the last two decadésThese compounds exhibit a wide range
of biological activities, including cytotoxicityjmmunosup-
pressior?, multiple drug resistance pump inhibitidranti-
bacterial, and antiviral activiti€sRecently, there has been

combinatorial libraries, and peptidomimetics, we were
interested in developing a convenient and highly efficient
procedure to prepare oxazoles, thiazoles, and imidazoles
directly on solid support from readily available amino acids.

considerable interest in the use of these 1,3-azoles inThe main advantages of the solid-phase strategy are the use

macrocyclic peptides to create conformationally preorganized

scaffolds® In addition, 1,3-azole derivatives are useful
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of more equivalents of reagents to ensure completion of the ||| GGG

reaction, improved yields, purification as a final step, and

suitability for combinatorial chemistry and Fmoc solid-phase o R o, Q9 0 R 0
peptide synthesis (Fmoc-SPPS). %J\H)}(N\E)J\”*"i EJJ\H)\(/N/ N
Azole-based amino acids are usually prepared in solution O xR, v R,
oy . . . X=0H,Y=0,R;=HorMe
and then used as building blocks in solution or solid-phase X=SH,Y=8, Ry =H

synthesis. Very few solid-phase syntheses of oxazoles and . . o ) ]

imidazoles have been reporté€ommonly used methods Figure 1. Biosynthesis of azole-containing peptides from serine,
X . . . threonine, and cysteine residués.

for the preparation of oxazoles, thiazoles, or imidazoles in

solution include (1) a modified Hantzsch’s proced @)

a condensation reaction between N-protected imino ethers . : . .
. . o .~ Oxazole-based peptides can be synthesized from dipeptides
and serine esters, cysteine esters, or 2,3-diaminopropionic

acid esters, respectivel§,and (3) cyclodehydration of composed of C-terminal threonine by oxidation of the side-

B-hydroxyamides of-hydroxythioamides, respectively, us- chain followed by a mild RobinsenGabriel cyclodehydra-

' : . " tion of the resultings-ketoamide® This very efficient
ing either Mitsunobu conditions or the Burgess reageht. method, reported by Wipf and Millé?was chosen because
The freshly synthesized 1,3-azolines are readily converted ’ ’

into 1,3-azoles by oxidatiot?. Alternative methods involve of its compatibility with Fmoc-SPPS. To apply this method
i ) to solid-phase synthesis *Nrotected dipeptides composed
a Robinson—Gabiriel cyclization gi-ketoamide orj3-ke- L y IS’hp PepH P

. : . ) of phenylalanine an@®-trityl-threonine were synthesized on
tothioamide to obtain oxazoles and thiazoles, respectively. Wang resin using standard Fmoc strat&tfter removing
Unfortunately, many of these methods are charact_e_rized bythe trityl group with 1% TFA in CHCl,, the resin-bound
long synthetlc__seguences_, harsn reaction CO_nd|t|ons, Ordipeptides;la—d were subjected to oxidation using the Dess
extensive purification Iea_dlng to low overall yields. Our Martin periodinan® to form the f-ketoamide derivatives
strategy tq overcome this probllem was to perform .the 2a—d (Table 1). Oxazole derivative3a—d were obtained
hetgrocychza_uon d_wectly on solid support from readily by cyclodehydration of thé-ketoamide2a—d using triph-
avallable amino acid derivatives. enylphosphine in the presence of iodine and diisopropyl-

Most naturally occurring oxazoles and thiazoles are formed ethylaminel® After cleavage from the resin with TFA,
by posttranslational modification of serine, threonine, and 5-methyloxazole-based dipeptidda—d were obtained in
cysteine residues (Figure ¥).Recently, You and Kelly  good crude purity (6778%) and in high yields (8693%
reported a biomimetic synthesis of thiazolines and imida- for six steps) based on the loading of the starting resin after
zolines from N-acylated cysteine or diaminopropionic acid HPLC purification (Table 1¥7
substrates, respectively, using bis(triphenyl) oxodiphospho- B-Ketoamide2a—d were also transformed into thiazole-
nium saltst* Herein, we report the utilization of biomimetic  pased dipeptidesa—d using the Lawesson’s reagé(Table
procedures on solid phase for the synthesis of oxazole-,1)sb Cleavage from the resin with TFA afforded 5-meth-

thiazole-, and imidazole-containing peptides. ylthiazole-based dipeptidéa—d in good crude purity (78
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Table 1. Solid-Phase Synthesis of Oxazole- and Table 2. Solid-Phase Synthesis of 1,3-Oxazole-Based Peptides
Thiazole-Based Peptides from Threonine-Containing Dipeptides from Serine-Containing Dipeptides

Ph
Burgess reagent

Ph Ph Ph
o} Dess-Martin 0 o o]
H H H
R. /(N/N\)L Periodinane (3 equiv) R. /ng\)L R. /';(N\)J\ (2 equiv) R L(N\)J\
5 _— N = (8] - —_— =
N o @ Y Y Q9 N o NY Y o Q
OJ\\ o—

OHO/\ CH,Cly, 2 h Cho/: THF,65°C, 4 h
1ai R = cbz 2a-d 7a:R = Cbz Sad
PN TS PhsP (10 equiv) 7b: R = Fmoc DBU (2.6 equiv)
1¢: R =Boc i . 7c: R=Bo ! i
1d: R = Alloc EEE &%Ugguiv) Ir‘::giﬁc'" s ?z: R= Allgc O = Wang resin gﬁ%llsz‘(%gﬁquw)
O CHzClp, 12 h THF,55°C,5h
=W, i
sraresn i . Ph 5 TFA/H0/ TIS Pho o
/(( o /(( G " L{NJ)L (95:2.5:2.5) R L{w\ o
R. N R. N N - O S “N o 00—
N o Q N oQ Ho o) 2h oo o
o} S 10a-d 9a-d
3ad Sa-d
TFAH0 1 TIS TFA/H,0/ TIS entry compound R purity (%)* yield (%)°
(95:2.5:2.5) (95:2.5:2.5)
2h 2h 1 10a Cbz 76 87
P P 2 10b H 90 89
o /l;(N = /((N 3 10c H 90 89
N ’ﬁOH N ’ﬁOH 4 10d Alloc 72 87
(o] S
4a-d Ga-d a Purity of crude products assessed using HPLBolated yieldt?
entry compound R purity (%)~ yield (%)°
1 4a Chz 78 89 composed of phenylalanine aisdtrityl-cysteine were syn-
2 4b Fmoc 82 93 thesized on Wang res#iDipeptidesl1ab were transformed
3 de H 67 80 into thiazolinesl2a,bby a cyclodehydrationdeprotection
4 4d Alloc 71 88 . : o ) : )
5 Ga Chz 89 59 reaction using bis(triphenyl) oxodiphosphonium trifluo-
6 6b Fmoc 7 50 romethangsulfonate, 'generated from triphenylphosphine'ox-
7 6c H 70 55 ide and triflic anhydride (Scheme 1). Conversion of resin-
8 6d Alloc 76 59
aPurity of crude products assessed using HPLBolated yie|dl_7 _

Scheme 1. Solid-Phase Synthesis of Thiazole-Based Peptides

PhsPO (3 equiv)

o} B g
\;)J\O _o (Tf)20 (1.5 equiv) R‘HL(’NEJLO_ O
= s—

dipeptides7a—d, composed of phenylalanine and serine, P“H
were synthesized on Wang resin following the same proce- R~NJ;rN

dure as that forla—d® Cyclodehydration of resin-bound o g CHiClz, 4 h

dipeptides7a—d was achieved with the Burgess reagent to 44 r=cpy Tt i dila o

yield the oxazoline derivativeBa—d (Table 2). Dipeptides LA L DBl R e

8a—d were oxidized to oxazole3a—d using BrCCY{DBU QD =Wang resin BrCCl; (2.2 equiv)
. . CH,Cly, 12h

(1,8-diazabicyclo[5.4.0]undec-7-en@j After cleavage from

the resin, oxazole-based dipeptidéa—dwere obtained in P Tg?e_«z,f:%osms PR

good crude purity (7290%) and in high yields (8789% R NL(,NJ)J\OH . (52528 R\N&yl\o_o

for six steps) after HPLC purification (Table 2)The Fmoc 1:' T PR A Ho 5

protecting group of oxazoline-based dipepigieis removed gl (f;é%, ) et

during the oxidation step by the excess of DBU to yield the “Isolated yield.'”
amine free oxazole-based dipeptigle. The Boc group of
9c was also removed during cleavage from the resin.
During cyclodehydration with the Burgess reagent, the bound thiazolined2ab to thiazolesl3ab was accomplished
nucleophilic attack is done by the amide or thioamide of the by oxidation with BrCCYDBU.? Thiazole-based dipeptides
following residue on the activatgethydroxyl group. Thia- 14aand14b were obtained in moderate crude purity (78%
zoles can be obtained from cysteine by a different mecha- and 73%, respectively) after cleavage from the resin and in
nism. In the biomimetic methodology reported by You and high yield (91% and 90% yield, respectively, for five steps)
Kelly,#¢the nucleophilic attack is done by the cysteine thiol after HPLC purification (Scheme 1JFmoc deprotection is
of the preceding residue on the phosphonium-activated amidealso observed during the oxidation step to yield the amine
carbonyl group. Cyclodehydration is completed after dehy- free thiazole-based dipeptideb.
dration via phosphine oxide formation. In this case, activation = The oxodiphosphonium salt procedure can also be applied
of the amide carbonyl is achieved by using bis(triphenyl) to prepare imidazole-based amino acid from dipeptides

oxodiphosphonium trifluoromethanesulfonate. composed of C-terminal diaminopropionic aéféChz- and
To evaluate the compatibility of this methodology with Fmoc-protected dipeptidd$ab composed of phenylalanine
Fmoc-SPPS, Cbz- and Fmoc-protected dipeptitiéap and -tosylamino-a-aminopropionic acid were synthesized

Org. Lett, Vol. 8, No. 11, 2006 2419



on Wang resin. Conversion df5a,b to imidazole-based || N

pe_ptideslGa,bV\{as achievgd by.cyclodehydration with bis- Table 3. Synthesis of Azole-Containing Tripeptides
(triphenyl) oxodiphosphonium trifluoromethanesulfonate fol- o 1) 20% Piperidine/NMP on
lowed by oxidation using BrC@DBU (Scheme 2). As o J/\(N o (i necessary) “\JOL 8
"N ’JZ)J\O—O 2) Fmoc-Leu-OH (3 equiv), Fmoc” y” "N™ ¢ OH
e :
R

TBTU (3 equiv), H f

| : S —— %
3b, b, 9b, 13b or 16b DIEA (5 equiv}, NMP, 30 min 18-22

3) TFA/H,0 [ TIS

Scheme 2. Solid-Phase Synthesis of Imidazole-Based Peptides (95:25:25).2h
Ph 1) Ph3PO (3 equiv) Ph
H 9 éLn%? (L .5 equiv) o entry  Substrates, R, X compd  purity  yield
,4h N il b
Ry Ao @ ot R A J/”\o_o R, _ cor o
H o . 2)DBU (2.6 equiv]! N 1 3b, Fmoc Me 18 1 7
H—Ts BrCCls (2.2 equiv) T¢ 2 5b, Fmoc Me S 19 82 52
15a: R = Cbz CHCLAZN 4 eai R = COLMH 3 9b, H H 0 20 76 90
15b: R = Fmoc 16b: R = H 4 13b, H H S 21 87 88
TFA/H,0 1 TIS 5 16b, H H NH 22 97 64
(95:2.5:2.5) *Purity of crude product assessed using HPLC. "Isolated yield."
O = Wang resin 2h
PR
17a: R = CO,H (62%)° J:(N
17h: R=H (61%) N r: Jjo o in moderate to good yields (580% for eight steps) after
T¢ HPLC purification (Table 3}/ Only one diastereocisomer was
“Isolated yield."” observed for compounds3—22as shown by HPLC of the

crude products suggesting that the chiral integrity is con-
served during the entire synthesis (eight steps).

observed previously, the Fmoc protecting group was com-  |n symmary, easy and efficient solid-phase syntheses of
pletely removed during the oxidation. However, removal of yazgle-. thiazole-, and imidazole-based peptides have been
the benzyl group was also observed f0fa. The generated  achieved from readily available amino acids. The described
carbamic acid was stable in acidic condltlons_ and was procedures are compatible with Fmoc-SPPS and different
observed byH and**C NMR, MS, and HPLC. Imidazole-  commonly used protecting groups and provide a very
based dipeptided7a and 17b were obtained in moderate  efficient and flexible means to synthesize azole-based
crude purity (77% and 78%, respectively) after cleavage with gerivatives. Finally, the reported methodology allows the
TFA and in moderate yield (61% and 62% yield, respec- gynihesis entirely on the solid phase of natural product
tively) after HPLC purification (Scheme 2jCarbamic acids  jipraries, small molecule combinatorial libraries, and pepti-
are unstable under basic conditions and can be easilyyomimetics containing 1,3-azoles. In addition, we are cur-

removed by using a solution of 20% piperidine in NMP. o4y investigating the synthesis of C5-substituted azoles
The suitability of the described procedures for Fmoc-SPPS 5§ pisazoles using this methodology as well as the complete
was evaluated by coupling Fmoc-protected leucine to resin-gjig_phase synthesis of macrolactams and N1-substituted
bound azole-based dipeptideis, 5b, 9b, 13b, andl6busing  jn4azole-based peptides and peptidomimetics.
normal Fmoc-SPPS coupling conditions (Tablé*3Resin-
bound dipeptidesb, 5b, and17b were first treated with
20% piperidine in NMP to remove the remaining Fmoc
protecting group (foBb and5b) or the remaining carbamic
acid (17b). Surprisingly, the tosyl group df7b was
completely removed during treatment with piperidine. Depro-
tection was not necessary f8b and13b because the Fmoc
protecting group was removed during the oxidation step.
Coupling of Fmoc-protected leucine on resin-bound amine
free dipeptides3b, 5b, 9b, 13b, and16b was achieved by
TBTU/HOBt activation in the presence of DIEA. After
cleavage from the resin, azole-containing tripeptid8s-
22 were obtained in excellent crude purity (787%) and 0OL0607645
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