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ABSTRACT

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 macrocyclic
natural products1 that exhibit a range of biological activities,
including potent immunosuppression,2 inhibition of bacterial
protein synthesis,3 and actin filament stabilization.4 In
addition, macrocyclic peptides containing thiazoles have been
synthesized with the aim of creating conformationally
preorganized scaffolds, which can potentially interact with
large protein surfaces and thus disrupt protein-protein
interactions.5

The common biosynthetic precursor of peptide thiazoles
is cysteine, theâ-carbon of which becomes C5 of the thiazole
heterocycle (eq 1).1a Perhaps because of this biosynthetic

constraint, the majority of peptide thiazole natural products

lack C5 substituents.6 To increase the structural diversity of
macrocyclic peptide thiazoles, we sought a method that
would allow facile substitution at C5 of the thiazole ring.
Existing methods for the synthesis of 5-substituted dipeptide
thiazoles require 4-7 stepsafter incorporation of the C5
substituent.7 A more efficient route would place the C5
diversification step as late as possible, using fully assembled
peptide thiazoles.

We considered that direct lithiation of peptide thiazoles
would provide an efficient C5 diversification strategy.
Although C5 lithiation of 2,4-disubstituted thiazoles is
precedented,8 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
natural products ceratospongamide and epiceratosponga-
mide.9 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 fromL-proline, Boc-L-Pro-Thia-OMe (1) (Thia
) thiazole), an intermediate used in the total synthesis of
ceratospongamide.10 Treatment of1 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
1, entry 1). The methyl ester and Boc groups were stable

under these conditions.11 Importantly, there was no racem-
ization at the proline-derived chiral center, as determined
by a modified Marfey protocol (see Supporting Informa-
tion).12

Encouraged by this result, we explored the scope of this
reaction with various electrophiles (Table 1). Reaction of

lithiated 1 with bromine and tosyl chloride13 provided the
5-bromo and 5-chloro adducts, respectively, in excellent
yields (entries 2 and 3). Reaction of lithiated1 with tin,
sulfur, and nitrogen-based electrophiles gave equally good
results (entries 4-6). 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 7-11). In the reaction with benz-
aldehyde, a 1:1 mixture of carbinol diastereomers was
obtained. Alkylation of lithiated1 succeeded with methyl
iodide (entry 12) yet failed with allyl bromide (recovered
starting material). This problem was solved by adding 0.1
equiv of CuCN‚2LiCl2;14 the allylated product was thus
obtained in 85% yield (entry 13).

To extend our method to dipeptide thiazoles containing
amino acids other than proline, we focused on theL-alanine-
based thiazole2 (Table 2), available in 50% overall yield

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,11

followed by reaction with a variety of electrophiles, produced
the 5-substituted adducts in 61-96% yields, again without
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Table 1. Diversification at Thiazole C5 in
Boc-L-Pro-Thia-OMe1

product

entry electrophile E ) yield (%)a

1 I2 I 87
2 Br2 Br 80
3 TsCl Cl 82
4 Bu3SnCl SnBu3 97
5 BnS-SBn SBn 72
6 BocNdNBoc NBocNHBoc 43b

7 EtOCOCl COOEt 77
8 PhCOCl COPh 70
9 DMF CHO 68
10 PhCHO CH(OH)Ph 88c

11 acetone C(OH)Me2 81
12 Me-I Me 68
13 BrCH2CHdCH2 CH2CHdCH2 85d

a Isolated yield.b ∼20% of 5-tBuO2C-thiazole formed.c 1:1 diastereomer
ratio at C5R position.d 0.1 equiv of CuCN‚2LiCl2 used.

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

product

entry electrophile E ) yield (%)a

1 I2 I 73
2 TsCl Cl 69
3 Bu3SnCl SnBu3 67
4 BnS-SBn SBn 96
5 BocNdNBoc NBocNHBoc 61b

6 EtOCOCl COOEt 65
7 PhCOCl COPh 70
8 DMF CHO 82
9 PhCHO CH(OH)Ph 87c

10 acetone C(OH)Me2 72
11 82c

12 Me-I Me 87
13 BrCH2CHdCH2 CH2CHdCH2 80d

14 n-Bu-I Bu-n 79e

a Isolated yield.b ∼20% of 5-tBuO2C-thiazole formed.c 1:1 diastereomer
ratio at C5R position.d 0.1 equiv of CuCN‚2LiCl2 used.e 5 equiv of HMPA
used. Tr) trityl.
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racemization. In addition to the electrophiles shown in Table
1, we treated 5-lithiated2 with cyclohexen-2-one, which gave
the 1,2-adduct as a 1:1 mixture of diastereomers (entry 11).
The 1,4-adduct was not detected. Although methylation and
allylation proceeded uneventfully (entries 12 and 13), our
initial attempts to alkylate2 with 1-iodobutane failed. This
problem was solved by the addition of 5 equiv of HMPA,
which furnished then-butyl adduct in 79% yield (entry 14).
The 5-substituted dipeptide thiazoles shown in Tables 1 and
2 have orthogonally protected amines and carboxylic acids
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-

isopropyl carboxamide3 with 1.05 equiv of LDA, followed
by reaction with iodine for 5 min at-78 °C, provided only

recovered starting material. However, the 5-iodo adduct4
was obtained in 94% yield when 3.0 equiv of LDA was used.

To extend the thiazole lithiation chemistry to more
complex systems, we turned to the cyclic peptide natural
products ceratospongamide5 and epiceratospongamide7.11b,d

It should be noted that Shioiri and colleagues, in their
correction of the originally proposed structure of7, found
that the isoleucineR-stereocenter of5 readily epimerized
under acidic conditions to give7.11d Treatment of5 or 7 with
4.2 equiv of LDA, followed by quenching with iodine,
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 NH2-terminus
and ester and carboxamide groups at the CO2H-terminus.
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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