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Abstract

A one-pot procedure for the synthesis of thioesters from primary amines is reported. Polyamides
containing one or more primary amines were prepared by solid-phase synthesis and reacted with
thiolane-2,5-dione followed by alkylation with benzyl bromide to produce the target thioesters in good
yield. The thioesters thus prepared were conjugated to peptides to produce polyamide–peptide chimeras
using the ‘native chemical ligation’ method. This flexible synthetic procedure provides a ready route to
both natural and unnatural substrates for chemical ligation reactions. © 2000 Elsevier Science Ltd. All
rights reserved.

In the course of preparing artificial transcription factors based upon small, DNA-binding
molecules called polyamides, we found it necessary to synthesize a wide variety of polyamide–
peptide conjugates.1,2 Of the many coupling techniques developed to prepare peptide conjugates,
the most versatile from our standpoint was the procedure termed ‘native chemical ligation’
originally developed for the synthesis of proteins too large to be accessed by standard
solid-phase synthesis approaches.3 In this reaction, a peptide containing a carboxy-terminal
thioester and a peptide with an amino-terminal cysteine are combined in denaturing buffer.
Upon transesterification of the thioester with the cysteine thiol, an S�N acyl shift takes place
to generate a ligated product in which the two halves are now connected by an amide bond. The
product recovery of this sequence is generally good, and the facility of the reaction appears
sequence independent. Total syntheses of many natural and modified proteins have been
reported using this method.4

To adapt this powerful reaction to our purposes, it was necessary to prepare polyamides
containing the requisite thioester functional group. Available methods for the preparation of
suitable thioesters range from biochemical approaches5 to solid-phase synthesis using modified
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resins.6 However, all methods provide products with thioesters at the carboxy-terminal position,
and this severely restricted our efforts to prepare a variety of structurally diverse polyamide–
peptide conjugates. In particular, we desired to prepare conjugates with multiple peptides
attached to one polyamide, and it was thus necessary to develop a synthetic approach that
would allow such flexibility. Polyamides are prepared by solid-phase synthesis,7 and a functional
group that is straightforward to introduce at one or more positions is a primary amine. The final
requirement was therefore an electrophile that would produce a thioester or thioacid when
reacted with an amine, and an excellent candidate was thiolane-2,5-dione, readily available from
succinic anhydride by reaction with sodium sulfide.8

To test this approach, hairpin polyamide 1, containing a primary amine, was prepared by
solid-phase synthesis.7,9 Polyamide 1 and thiolane-2,5-dione were combined in N-methylpyrro-
lidinone (NMP) with N,N-diisopropylethylamine (DIPEA) at ambient temperature and reaction
progress monitored by analytical reversed-phase HPLC (Scheme 1). Polyamide 1 was rapidly
consumed and thioacid 2 isolated by ether precipitation. Alternatively, thioester 3 is produced
in a ‘one-pot’ conversion by lowering the pH of the initial reaction mixture with pH 5.2 NaOAc
buffer and adding benzyl bromide. As monitored by analytical HPLC, the conversion from 1 to
3 is virtually quantitative. A typical reaction procedure is as follows: to a solution of 18.6 mmol
(23.5 mg) polyamide 1 in 0.600 mL NMP was added thiolane-2,5-dione (25.0 mL of a 1.00 M
solution, 25.0 mmol), followed by 9.70 mL (55.6 mmol) of DIPEA. After 10 minutes, conversion
to thioacid 2 appeared complete. The reaction mixture was diluted with 900 mL 100 mM NaOAc
buffer (pH 5.2) and cooled to 4°C, necessary to prevent the formation of dialkylation products
in the subsequent step. Benzyl bromide (55.8 mmol, 6.70 mL) was added with thorough mixing
and after an additional 10 minutes, the product 3 was isolated by semi-preparatory reversed-
phase HPLC as a pale yellow powder in 52% overall yield (14.2 mg, 9.66 mmol).10 Thioester 3

Scheme 1. Conditions : (a) DIPEA, NMP, rt. (b) 100 mM NaOAc (pH 5.2), benzyl bromide, 0°C (52%, two steps). (c)
100 mM potassium phosphate buffer (pH 7.3), 6 M Gn·HCl, 5% NMP, 5% PhSH, 4 days, rt (29%)
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underwent reaction under standard ‘native chemical ligation’ conditions3 with peptides having
an amino-terminal cysteine such as 4 to produce conjugate 5. Due to the hydrophobicity of 3,
it is necessary to dissolve the thioester in NMP (5–10% of reaction volume) prior to addition of
aqueous denaturing buffer. Conjugate 5 was recovered in 29% yield under these reaction
conditions.11

The next goal was to gauge the generality of this method for preparing polyamides with
multiple thioesters and at diverse positions within the structure. Polyamides containing one or
more internal primary amine(s) provided the requisite functional group handles, and the
reaction sequence was applied to afford thioesters such as 6 and 7.12 Polyamide 6 was isolated
in 55% yield after HPLC purification. Incorporation of two thioesters was as facile as one, with
conversion to product nearly quantitative as determined by analytical HPLC to furnish thioester
7 in 30% yield. In all cases, subsequent conjugation via ‘native chemical ligation’ to peptides
containing amino-terminal cysteine residues proceeded readily (5–45% yields of isolated
conjugate).2

In summary, we have presented a one-pot reaction sequence which allows rapid access to
thioester-modified products suitable for ‘native chemical ligation’ reactions (Scheme 2). Most
notably, this procedure requires only a primary amine and can be used to install multiple
functional groups. This sequence works equally well for the functionalization of a-amino acids.13

While we have used this method to prepare polyamide–peptide conjugates, it should be readily
extendable to the preparation of other chimeric target molecules. Finally, although the thioester
products function well in the native chemical ligation reaction, other ligation approaches are
equally applicable such as the Staudinger ligation14 or alkylation of thioacids.15

Scheme 2.
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