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The pyrrolidine-2,4-diones have been identified as a con-
venient starting point for the synthesis of peptide ana-
logues. Herein we describe an optimized two-step reductive
amination procedure, which provides a small library of
pyrrolidinone-containing dipeptide analogues in high yield
and excellent diastereoselectivity.

In the last decade, peptide drugs have received renewed interest due
to their high activity and specificity.1 Recently Fuzeon (enfuvirtide,
T-20), the first peptide drug produced by large scale solid phase
peptide synthesis, has been introduced to the market. However,
peptide drugs are known to display only a very low bioavailability
when administered orally and their use as pharmaceuticals would
be greatly enhanced if their biostability was improved. While
many novel bicyclic scaffolds for dipeptide analogues have been
developed,2 only a few amino acid analogues exist; the most
prominent being b-amino acids,3 a-aminoxy acids,4 and the
peptoids.5 Current research in our group aims at developing
new amino acid analogues that can be synthesized readily and
incorporated into peptides, thereby increasing the biostability of
the latter.

We have focused on 5-substituted 2,4-pyrrolidinediones6 (1),
also known as tetramic acids (Scheme 1), which can be synthesized
in gram scale from cheap and commercially available N-protected
amino acids.7 Furthermore, we can preserve the stereogenic center
in the side chain, which is vital for interaction with biological
targets. In our work towards incorporating pyrrolidinones into
peptides, we have recently published a method for N-acylation
of O-alkylated 3-pyrrolin-2-ones (2) with activated amino acids6

(Scheme 1, left). In the present paper we have turned our attention
to the attachment of amino acids at the C-4 carbonyl (Scheme 1,
right).8

Scheme 1 Functionalization of pyrrolidinediones with amino acids.

aDepartment of Chemistry, Technical University of Denmark, Building 201,
DK-2800 Kgs. Lyngby, Denmark
bMedicinal Chemistry Research, Novo Nordisk A/S, Novo Nordisk Park,
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Based on reports describing the reductive alkylation of amino
acids9 and amino acid derivatives,10 we investigated different
reaction conditions, but found that direct reductive amination was
not possible for the pyrrolidinediones. Instead we had to employ
a stepwise procedure comprising enamine formation followed by
reduction. The amino acid analogues pyVal,8 pyLeu, pyPhe and
pyAla were prepared according to our in-house modification6 of
a literature procedure,11 by which multi gram synthesis can be
performed in less than a day. Initial tests of the condensation
reaction showed that it was successful for amino acids protected
at the carbonyl carbon as esters or amides, but not for unprotected
amino acids.

By screening different solvents (THF, dioxane, toluene, DCE,
MeCN, i-PrOH, DMF and MeOH) we found that the optimal
solvent was i-PrOH with the addition of AcOH. MeCN–AcOH
solvent mixtures also furnished the product albeit with a slower
reaction rate, while the use of MeOH led to decomposition of the
starting material. All other solvents provided at best only trace
amounts of the desired product.

By using i-PrOH–AcOH as solvent at 55 ◦C for 24 h, we
could obtain good to excellent yields of the enamines with no
epimerization (Table 1), but we noted that epimerization did occur
at higher temperatures. Varying the amount of AcOH co-solvent
and the amount of added molecular sieves revealed that 5–10
vol% AcOH provided the highest reaction rate, just as increasing
amounts of molecular sieves did. Use of MgSO4 or Na2SO4 as
dehydrating agents did not furnish any product.

The enamines obtained were sensitive to degradation on silica
gel, however using dry flash chromatography12 provided a fast and
simple gram scale purification of the product.

With this procedure in hand, we synthesized a range of dipeptide
enamine analogues comprising a pyrrolidinone and an amino acid
protected as methyl and t-butyl esters or as amides (Table 1).

These condensations were facile reactions leading to the
desired products in good yield and excellent d.e. They were
furthermore stable solids with no decomposition being observed
even after one year of storage on the shelf. After testing a
range of reducing agents in the enamine reduction (NaBH3CN,13

NaBH(OAc)3,14 NaBH4,15 Stryker’s reagent,16 L-selectride,17

LiBH4, Zn–AcOH,18 BH3,19 Cu(OAc)2–PMHS–Binap,20 H2 with
Pd/C,21 Raney Nickel,21 Rh/Al22 or PtO2

15) we found that only
two reagents (NaBH3CN and H2/PtO2) gave the desired product,
all others left the starting material unchanged. In reactions with
free or polymer supported NaBH3CN,23 the diastereoselectivity
varied substantially (6–99% d.e.) depending on the nature of
the side-chains, the main product having the expected11 cis-
conformation with yields ranging from 29–65%. These results
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Table 1 Synthesis of enamine dipeptide analogues

Compound R1 R2 Yield (%)a

pyAla-Ala-NH2 Me Me (3a) 95
pyAla-Val-NH2 Me i-Pr (3b) 88
pyAla-Leu-NH2 Me i-Bu (3c) 85
pyVal-Ala-NH2 i-Pr Me (3d) 88
pyVal-Val-NH2 i-Pr i-Pr (3e) 82
pyVal-Leu-NH2 i-Pr i-Bu (3f) 91
pyVal-D-Ala-NH2 i-Pr Me (3g) 86
pyVal-Ala-OMe i-Pr Me (3h) 89
pyVal-Ala-Ot-Bu i-Pr Me (3i) 93
pyVal-Pro-NH2 i-Pr — (3j) 88
pyLeu-Ala-NH2 i-Bu Me (3k) 88
pyLeu-Val-NH2 i-Bu i-Pr (3l) 86
pyLeu-Leu-NH2 i-Bu i-Bu (3m) 87
pyPhe-Leu-NH2 Bn i-Bu (3n) 88

a Only one diastereomer was observed by 1H NMR (d.e. >95%).

Table 2 Reduction of pyPhe-Leu-NH2 in protic and aprotic solvents

Entry Solvent Conversion (%)a

1 MeOH >95bc

2 i-PrOH >95bc

3 t-BuOH >95c

4 MeCN 0d

5 THF 0d

6 Dioxane 0d

a Determined by 1H NMR of the crude mixture. b Trace of byproducts.
c Only one diastereomer was observed by 1H NMR (d.e. >95%). d Only
starting material observed.

were, however, not reproducible regardless of extensive attempts
at optimizing the reaction conditions. In contrast, reduction
with hydrogen over PtO2 (Adams catalyst),15 resulted in a very
clean reaction and an excellent degree of diastereoselectivity
for the expected cis-configuration. Performing a solvent screen24

(Table 2), we identified alcoholic solvents as being necessary for the
reduction to proceed, and the sterically hindered t-BuOH proved
to be the solvent of choice (no byproducts), while MeOH and
i-PrOH afforded trace amounts of unidentifiable byproducts.
THF, dioxane and MeCN completely suppressed the reduction.

Studies of the amount of added PtO2 revealed that 25 mol%
was required for full conversion within reasonable reaction time
(Fig. 1). To increase the reaction rate, the reaction mixture was
heated gradually to 55 ◦C, and we observed that the onset of

Fig. 1 Reduction of pyVal-Ala-NH2 (3d), at 24 h and 55 ◦C as a function
of mol% PtO2.

epimerization depended on the size of the pyrrolidinone side-chain
(pyAla 25 ◦C, pyLeu 35 ◦C, pyVal/pyPhe 55 ◦C).

To assess the effects of trace amounts of AcOH and amino
acid from the condensation reaction, comparative studies were
performed with the addition of either AcOH (10 mol%) or
H-Val-NH2 (100 mol%), which did not result in any change in
reactivity in the reduction, where we anticipated an increase with
AcOH as additive25 and a decrease with H-Val-NH2 as a result of
coordination to the catalyst.

By using this stepwise reductive amination strategy, we reduced
the enamine library compounds (3a–n) (Table 3) and synthesized
a range of dipeptide analogues (4a–n).

In these reactions, the protective group of the amino acid (OMe,
Ot-Bu, NH2) did not influence the d.e. nor was there any influence
when proline was employed as the amino acid group. When pyPhe
was used as the pyrrolidinone part, the phenyl group could not
be preserved and was reduced to the corresponding c-Hex group.
Extensive variations of reaction conditions (solvent, temperature,
H2 pressure, addition of acid) did not lead to a chemoselective
reduction. To our satisfaction the reduction of cispyVal-D-Ala-NH2

still gave the cis-product, thereby showing that the diastereo-
selectivity only depends on the pyrrolidinone configuration. To
validate the relative configuration of the products, we analyzed
cispyVal-Pro-NH2 (4j) by means of X-ray crystallography (Fig. 2),

Fig. 2 Crystal structure of cispyVal-Pro-NH2 (4j).
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Table 3 Reduction of enamine dipeptide analogues

Compound R1 R2 Temp/◦C Yield (%)a

cispyAla-Ala-NH2 (4a) Me Me 25b 89
cispyAla-Val-NH2 (4b) Me i-Pr 25b 94
cispyAla-Leu-NH2 (4c) Me i-Bu 25b 89
cispyVal-Ala-NH2 (4d) i-Pr Me 55c 94
cispyVal-Val-NH2 (4e) i-Pr i-Pr 55c 99
cispyVal-Leu-NH2 (4f) i-Pr i-Bu 55c 94
cispyVal-D-Ala-NH2 (4g) i-Pr Me 55c 94
cispyVal-Ala-OMe (4h) i-Pr Me 55c 99
cispyVal-Ala-Ot-Bu (4i) i-Pr Me 55c 94
cispyVal-Pro-NH2 (4j) i-Pr — 55c 99
cispyLeu-Ala-NH2 (4k) i-Bu Me 35b 89
cispyLeu-Val-NH2 (4l) i-Bu i-Pr 35b 84
cispyLeu-Leu-NH2 (4m) i-Bu i-Bu 35b 99
cispyCha-Leu-NH2 (4n) CH2-c-Hexd i-Bu 55c 99

a Only one diastereomer was observed by 1H NMR (d.e. >95%). b Reaction time 36 h. c Reaction time 24 h. d R1 is reduced from Bn to CH2-c-Hex.

which confirmed the structural framework with the expected
cis-relationship.‡

We are currently testing the biological stability of these dipeptide
analogues and are developing a method for the preservation of the
phenyl group when using phenylalanine or pyPhe. Results will be
reported in due course.

As we are interested in further elongation of the peptide chain
at both the N- and C-termini we deprotected cispyVal-Ala-Ot-Bu
to cispyVal-Ala-OH by standard treatment with TFA, providing a
starting point for further elongation at the C-terminal (Scheme 2).

Scheme 2 Deprotection of pyVal-Ala-Ot-Bu by TFA.

Conclusions

In conclusion we have developed a straightforward synthetic
strategy for the synthesis of dipeptidomimetics comprising a
pyrrolidinone and a protected amino acid. This method provides
a facile functionalization of pyrrolidinones at the C-4 position in
high yield and excellent d.e. via a stepwise reductive amination
procedure, and we are currently exploring the incorporation of
these new scaffolds into peptides.
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