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2-Pyrrolylalanine has been synthesized in two protected forms and applied in the solution-phase synthe-
sis of a dipeptide. (2S)-N-(Boc)-N0-(phenylsulfonyl)- and (2S)-N,N0-bis-(phenylsulfonyl)-3-(2-pyrrolyl)ala-
nines (7 and 9) were obtained, respectively, in 14% and 13% overall yields and six and seven steps from
oxazolidine b-methyl ester 1, which was derived from L-aspartic acid. Homoallylic ketone 2 was obtained
from a copper-catalyzed cascade addition of vinylmagnesium bromide to 1 and converted into pyrrolyl-
alanines 7 and 9 by a sequence featuring subsequent olefin oxidation and Paal-Knorr condensation. Pro-
tected pyrrolylalanine 9 was then introduced into a dipeptide.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Practical methods for the synthesis of structurally complex
amino acid derivatives are of fundamental importance, due to the
widespread use of these building blocks in peptides, proteins, and
other related compounds of interest in the physical and life
sciences.1 For example, amino acids containing side chains pos-
sessing a five member heterocyclic ring are components of natu-
rally occurring peptides, marine organism, natural products,2

peptidomimetics,3 macromolecular scafolds,4 and building blocks
in combinatorial synthesis.5

Histidine surrogates possessing thienyl, furyl, triazolyl, tetrazol-
yl, thiazolyl, imidazolyl, and pyrazolyl rings, all have been used to
study the importance of hydrogen bond acceptor and donator
properties of the imidazole side chain in peptides.6 On the other
hand, few syntheses of pyrrolylalanine analogs have been reported,
for the most part giving racemic product.7–9 To the best of our
knowledge,7–13 there has been only one application of pyrrolylala-
nine in peptide chemistry, in which racemic amino acid 17d (R = H,
R0 = Cbz, R00 = Boc) was introduced into a TRH (pGlu-His-Pro-
NHMe) analog to investigate the role of histidine for activity
(Fig. 1).7b

In the context of our investigations of biologically active peptides
bearing histidine residues,14,15 we became interested in the synthe-
sis of enantiopure (2S)-2-pyrrolylalanine and its suitable protection
for peptide synthesis. In this light, we appreciated the seminal
research of Professor Wasserman featuring the application of vicinal
tricarbonyl precursors for the preparation of various pyrrole prod-
ucts, in particular the synthesis of enantiopure (2S)-3-(2-carboxy-
010 Published by Elsevier Ltd. All r
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3-oxo-5-pyrrolyl)alanine analog 15 (Fig. 1).10 Like Wasserman, we
perceived aspartic acid as an ideal enantiopure starting material
for the construction of the heterocyclic amino acid. We report now
the use of aspartate derivative 1 in routes to pyrrolylalanine featur-
ing our copper-catalyzed cascade addition of vinyl magnesium bro-
mide to this b-amino ester.16 In addition, sulfonamide protection
has been examined for the preparation of a pyrrolylalaninyl-proline
dipeptide model for studying the influence of the pyrrole moiety on
prolyl amide isomer population.
2. Results and discussion

Following our strategy for the preparation of N-(Boc)-3-(6-
methylpyridazinyl)alanine,17 2-pyrrolylalanine was pursued by a
route starting from oxazolidine b-methyl ester 1, which was read-
ily prepared in four steps and in 47% yield from L-aspartic acid as
chiral educt.17 The Cu-catalyzed cascade addition of excess vinyl-
magnesium bromide to methyl ester 1 in THF at �45 �C gave
c,d-unsaturated ketone 2 in 63% yield (Scheme 1). Oxidation of ole-
fin 2 using a mixture of OsO4, NaIO4, and 2,6-lutidine in dioxane/
water gave c-ketoaldehyde 3 in 95% yield.18 Pyrrole 4 was isolated
in 72% yield from the Paal-Knorr19 condensation of c-ketoaldehyde
3 with ammonium formate in acetonitrile containing a mixture of
NaOAc/AcOH (1:1, 1 equiv w/w) at 65 �C.

In considering the oxidation of the primary alcohol to the car-
boxylic acid, concern arose over the potential for competitive pyr-
role oxidation and degradation.20 In earlier experience making
bipyrrole and prodigiosin analogs,21 sulfonamide protection of
the ring nitrogen prevented oxidation of electron rich pyrroles dur-
ing double bond oxidations.22 N0-(Phenysulfonyl)pyrrole 5 was
thus prepared on the treatment of pyrrole 4 with t-BuOK, 18-
crown-6 ether and phenylsulfonyl chloride in THF in 80% yield.
ights reserved.
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Figure 1. Protected pyrrolylalanine analogs. *17e was not isolated.

Scheme 1. Synthesis of N-(Boc)-N0-(phenylsulfonyl)-3-(2-pyrrolyl)alanine 7.
Reagents and conditions: (i) vinylmagnesium bromide, CuCN, THF, �45 �C; (ii) cat
OsO4, NaIO4, 2,6-lutidine, dioxane/H2O; (iii) NH4CO2H, AcOH/NaOAc, MeCN, 65 �C;
(iv) t-BuOK, 18-c-6, PhSO2Cl, THF, 0 �C; (v) 80% AcOH aq, 50 �C, overnight; (vi)
TEMPO, NaClO2, NaOCl, sodium phosphate buffer, MeCN, 35 �C, overnight.
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Scheme 2. Synthesis of N,N0-bis-(phenylsulfonyl)-3-(2-pyrrolyl)alanine 9. Reagents
and conditions: (i) TFA/DCM; (ii) 0.1 N HCl; (iii) Na2CO3, PhSO2Cl; dioxane/H2O; (iv)
TEMPO, NaClO2, NaOCl, sodium phosphate buffer, MeCN, 35 �C, overnight.
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Scheme 3. Synthesis of N,N0-bis-(phenylsulfonyl)-3-(2-pyrrolyl)alaninyl-proline
N0-methylamide 10. Reagents and conditions: (i) ProNHMe�HCl, TBTU, HOBt, DIEA,
0 �C, MeCN, overnight.
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Oxazolidine 5 was then ring opened using 80% aqueous acetic acid
at 50 �C overnight to afford N-(Boc)amino alcohol 6 in 81% yield.
(2S)-N-(Boc)-N0-(phenylsulfonyl)-3-(2-pyrrolyl)alanine 7 was
finally obtained by oxidation using TEMPO (2,2,6,6-tetramethyl-
1-piperidinyloxy) free radical, sodium chlorite, and sodium hypo-
chlorite in a sodium-phosphate-buffered acetonitrile solution,
albeit in low yields (21–50%, Scheme 1).17,23

Low yields in the oxidation of primary alcohol 6 to carboxylate
7 inspired a change in the a-amino protecting group from Boc to
benzenesulfonyl. Treatment of carbamate 6 with 25% trifluoroace-
tic acid (TFA) in dichloromethane, followed by N-sulfonylation of
the resulting amine with phenylsulfonyl chloride and Na2CO3 in
dioxane/water provided (2S)-N,N0-bis-(phenylsulfonyl)-3-(2-pyrr-
olyl)alaninol 8 in 64% overall yield (Scheme 2). An attempt to
oxidize alcohol 8 using O2 in the presence of Pt in a mixture of
H2O/2-propanol/AcOEt24 gave only recovered starting material,
and decomposition occurred using NaIO4 in the presence of RuCl3
in CCl4/MeCN/H2O.25 Employing the TEMPO oxidation conditions
described above, (2S)-N,N0-bis-(phenylsulfonyl)-3-(2-pyrrolyl)ala-
nine 9 was obtained in 74% yield from alcohol 8.

With the interest of studying the influence of the aromatic den-
sity of the pyrrole moiety on the prolyl amide isomer population,
2-pyrrolylalanine 9 was next introduced into a dipeptide model
and the relative populations of prolyl cis- and trans-amide isomer
were measured by proton NMR spectroscopy. 2-Pyrrolylalanine 9
was coupled to proline N0-methylamide hydrochloride using TBTU,
HOBt, and DIEA in acetonitrile to give N,N0-bis-(phenylsulfonyl)-3-
(2-pyrrolyl)alaninyl-proline N0-methylamide 10 in 77% yield
(Scheme 3). The prolyl major trans- and minor cis-amide isomers
were assigned by NMR spectroscopy in chloroform on the basis
of their characteristic nuclear overhauser effects between the
a-proton of the 3-pyrrolylalanine residue and, respectively, the
d-protons and the a-proton of the proline residue in the NOESY
spectrum. A 13:87 ratio of amide cis- and trans-isomers N-terminal
to proline 10 was measured by integration of the isomeric quadru-
plets for the 2-pyrrolylalanine a-proton in the NMR spectrum in
chloroform. The effect of the phenysulfonyl electron withdrawing
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group on the pyrrolylalanine residue may reduce the amide cis-
isomer population relative to p-enriched arylalanine ana-
logs.17,26–33

Sulfonamide protection gave access to the desired pyrrolylala-
nine target 9, which could be coupled to the N-terminal of a pep-
tide; however, attempts (TBAF in THF, SmI2 in DMPU/THF, and
Mg in MeOH) were unsuccessful in removing the sulfonyl groups
from dipeptide 10. Alternative protection, such as the pyridine-2-
sulfonyl group, which has been reported to be cleaved under
milder conditions (Mg/MeOH or SmI2/DMPU/THF)34,35 is currently
being explored to enhance the utility of 2-pyrrolylalanine in pep-
tide chemistry and will be described in future.

In conclusion, methodology has been developed for the synthe-
sis of protected 2-pyrrolylalanine from aspartic acid. Protection of
2-pyrrolylalanine with sulfonyl groups has allowed insertion of
this unnatural amino acid into a dipeptide model. Considering 2-
pyrrolylalanine as an asparagine and histidine mimic, opportunity
exists for employing this surrogate for studying structure–function
relationships in peptide science and medicinal chemistry.
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