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We report a one-step, racemization-free method for the diversification of peptide thiazoles via direct lithiation of the thiazole ring. The method
is compatible with  N-Boc, N-trityl, carboxylic ester, and carboxamide protecting groups and has been used to directly functionalize the thiazole
ring of cyclopeptide natural products.

Peptide thiazoles are common substructures of macrocycliclack C5 substituentsTo increase the structural diversity of
natural productsthat exhibit a range of biological activities, macrocyclic peptide thiazoles, we sought a method that
including potent immunosuppressidmhibition of bacterial would allow facile substitution at C5 of the thiazole ring.
protein synthesig, and actin filament stabilizatioh.In Existing methods for the synthesis of 5-substituted dipeptide
addition, macrocyclic peptides containing thiazoles have beenthiazoles require 47 stepsafter incorporation of the C5
synthesized with the aim of creating conformationally substituenf. A more efficient route would place the C5
preorganized scaffolds, which can potentially interact with diversification step as late as possible, using fully assembled
large protein surfaces and thus disrupt protginotein peptide thiazoles.
interactions® We considered that direct lithiation of peptide thiazoles
The common biosynthetic precursor of peptide thiazoles would provide an efficient C5 diversification strategy.
is cysteine, th@-carbon of which becomes C5 of the thiazole Although C5 lithiation of 2,4-disubstituted thiazoles is
heterocycle (eq 1}# Perhaps because of this biosynthetic precedented lithiation of peptide thiazoles has not been
reported previously. Here, we report the direct lithiation of
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thiazole-containing peptides, including the cyclopeptide

lithiated 1 with bromine and tosyl chloridé provided the

natural products ceratospongamide and epiceratospongas-bromo and 5-chloro adducts, respectively, in excellent

mide? The resulting 5-lithiated thiazoles react rapidly with
a variety of electrophiles to provide substitution products in
high yields and without epimerization.

We optimized lithiation conditions using a thiazole dipep-
tide derived from.-proline, Boct-Pro-Thia-OMe 1) (Thia
= thiazole), an intermediate used in the total synthesis of
ceratospongamid® Treatment ofl with 1.05 equiv of LDA
for 30 s at—78 °C, followed by reaction with iodine for 5
min, provided the desired 5-iodo adduct in 87% yield (Table

yields (entries 2 and 3). Reaction of lithiat&dwith tin,
sulfur, and nitrogen-based electrophiles gave equally good
results (entries46). We next tested the reactivity of lithiated

1 toward a broad range of carbonyl electrophiles, including
ethyl chloroformate, benzoyl chloride, DMF, benzaldehyde,
and acetone. These reactions provided the corresponding
ester, ketone, aldehyde, and alcohol adducts in good to
excellent yields (entries—711). In the reaction with benz-
aldehyde, a 1:1 mixture of carbinol diastereomers was

1, entry 1). The methyl ester and Boc groups were stable obtained. Alkylation of lithiatedl succeeded with methyl

Table 1. Diversification at Thiazole C5 in
Boc+.-Pro-Thia-OMel

s— 1)LDA(1.05eq.) s—F
O%\XYOW -78°C, 0.5 to 1 min D*Q\‘SW(OM‘;
N N o 2) electrophile N N 5
Boc -78 °C, 1 to 5 min Boc
product

entry electrophile E= yield (%)*

1 Is I 87

2 Bry Br 80

3 TsCl Cl 82

4 BusSnCl SnBug 97

5 BnS-SBn SBn 72

6 BocN=NBoc NBocNHBoc 43b

7 EtOCOCI1 COOEt 77

8 PhCOCI1 COPh 70

9 DMF CHO 68

10 PhCHO CH(OH)Ph 88¢

11 acetone C(OH)Mes 81

12 Me-I Me 68

13 BrCH;CH=CH, CH;CH=CH, 854

a|solated yield.? ~20% of 5!BuQ,C-thiazole formed® 1:1 diastereomer
ratio at C5a. position.40.1 equiv of CUCN2LICl, used.

under these conditior’.Importantly, there was no racem-
ization at the proline-derived chiral center, as determined
by a modified Marfey protocol (see Supporting Informa-
tion).1?
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reaction with various electrophiles (Table 1). Reaction of

(8) Metzger, J. IComprehensie Heterocyclic Chemistryatritzky, A.

R., Rees, C. W., Eds.; Pergamon Press: Oxford, 1984; Vol. 6, pp 235
331.

(9) Tan, L. T.; Wililamson, R. T.; Gerwick, W. H.; Watts, K. S;
McGough, K.; Jacobs, Rl. Org. Chem200Q 65, 419.

(10) (a) Yokokawa, F.; Sameshima, H.; Shioiri, Synlett2001 986.
(b) Deng, S.; Taunton, J. Am. Chem. So@002 124, 916. (c) Kutsumura,
N.; Sata, N. U.; Nishiyama, Bull. Chem. Soc. Jpr2002 75, 847. (d)
Yokokawa, F.; Sameshima, H.; In, Y.; Minoura, K.; Ishida, T.; Shioiri, T.
Tetrahedron2002 58, 8127.

(11) Lithiated thiazoldl is stable at-78°C for up to 30 min, with~5%
self-acylation product ane+10% other decomposition products; lithiated
thiazole?2 is stable at-78 °C for at least 30 min with less than 2% self-
acylation product. Both decompose rapidly-a40 °C.

(12) Fujii, K.; Ikai, Y.; Oka, H.; Suzuki, M.; Harada, KAnal. Chem.
1997 69, 5146.

300

iodide (entry 12) yet failed with allyl bromide (recovered
starting material). This problem was solved by adding 0.1
equiv of CUCN2LICI;* the allylated product was thus
obtained in 85% vyield (entry 13).

To extend our method to dipeptide thiazoles containing
amino acids other than proline, we focused onitfadanine-
based thiazol@ (Table 2), available in 50% overall yield

Table 2. Diversification at Thiazole C5 in Tr-Ala-Thia-OMe
2

H 1) LDA (1.05 eq.) E
S \ -78°C, 0.5 to 1 min S \
\‘/(\N OMe \‘/(\N OMe
2) electrophile
NHTr - O 78°C, 1t05min  NHTr O
product
entry electrophile E= yield (%)*
1 Iy I 73
2 TsCl Cl 69
3 BusSnCl SnBug 67
4 BnS—SBn SBn 96
5 BocN=NBoc NBocNHBoc 61°
6 EtOCOCI1 COOEt 65
7 PhCOCI1 COPh 70
8 DMF CHO 82
9 PhCHO CH(OH)Ph 87¢
10 acetone C(OH)Meg 72
11 2¢
O 04
OH

12 Me-1 Me 87
13 BrCH;CH=CH, CH;CH=CH, 804
14 n-Bu-1 Bu-n 79¢

a|solated yield.? ~20% of 5!BuO,C-thiazole formed¢ 1:1 diastereomer
ratio at C5oc position.9 0.1 equiv of CUCN2LICI, used.¢ 5 equiv of HMPA
used. Tr= trityl.

from N-trityl L-alanine (five steps, no purification of
intermediates required). Despite the presence of a secondary
amine, deprotonation with only 1.05 equiv of LDA,
followed by reaction with a variety of electrophiles, produced
the 5-substituted adducts in 696% vyields, again without

(13) Brummond, K. M.; Gesenkerg, K. Oetrahedron Lett1999 40,
2231.

(14) Abarbri, M.; Thibonnet, J.; Bélon, L.; Dehmel, F.; Rottlader,
M.; Knochel, P.J. Org. Chem200Q 65, 4618.
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racemization. In addition to the electrophiles shown in Table
1, we treated 5-lithiated with cyclohexen-2-one, which gave

the 1,2-adduct as a 1:1 mixture of diastereomers (entry 11).

recovered starting material. However, the 5-iodo adduct
was obtained in 94% yield when 3.0 equiv of LDA was used.
To extend the thiazole lithiation chemistry to more

The 1,4-adduct was not detected. Although methylation and complex systems, we turned to the cyclic peptide natural

allylation proceeded uneventfully (entries 12 and 13), our
initial attempts to alkylat® with 1-iodobutane failed. This
problem was solved by the addition of 5 equiv of HMPA,
which furnished thea-butyl adduct in 79% vyield (entry 14).

products ceratospongamifie@nd epiceratospongami@éi®d
It should be noted that Shioiri and colleagues, in their
correction of the originally proposed structure Hffound
that the isoleucinex-stereocenter ob readily epimerized

The 5-substituted dipeptide thiazoles shown in Tables 1 andunder acidic conditions to give*'¢ Treatment ob or 7 with
2 have orthogonally protected amines and carboxylic acids 4.2 equiv of LDA, followed by quenching with iodine,

and are thus suitable for incorporation into linear and cyclic
polypeptide structures.

Our interest in directly preparing 5-lithiated thiazoles in
the context of polypeptides prompted us to test the model
thiazole 4-carboxamide3 (Figure 1). Lithiation of N-
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5R=H cératospongamide 7 R = H epi-ceratospongamide
6 R =1(70%, 20% recovered 5) 8 R = | (70%, 15% recovered 7)

Figure 1.

isopropyl carboxamid8 with 1.05 equiv of LDA, followed
by reaction with iodine for 5 min at 78 °C, provided only
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afforded the 5-iodo thiazole adducts in 70% yield. In both
cases, we were unable to detect epimerization by HPLC or
NMR analysis.

In summary, we have developed a one-step, epimerization-
free method for appending diverse substituents to the
5-position of peptide thiazoles. The method is compatible
with Boc and trityl protecting groups at the Mierminus
and ester and carboxamide groups at the>@rminus.

We anticipate that the 5-bromo and iodo adducts will find
application in Pd-catalyzed cross-coupling reactions, which
will allow the preparation of diverse 5-aryl and heteroaryl
peptide thiazoles. Thiazole lithiation occurred easily in the
context of cyclopeptide natural products, thus providing
access to structures that, to our knowledge, could not be
obtained biosynthetically.
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