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Letters
Regioselective oxidation of N-alkylpyrrolidines to pyrrolidin-5-ones
by RuCl3/NaIO4

q
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Abstract—RuCl3/NaIO4 under EtOAc/H2O biphasic conditions, selectively oxidizes the Na-endo-methylene group of pyrrolidine
derivatives, without affecting the exo-methylene group adjacent to the N-heteroatom.
� 2003 Elsevier Ltd. All rights reserved.
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Functionalized pyrrolidinone derivatives are key inter-
mediates for the synthesis of many biologically active
compounds.1 Pyroglutamic acids are known to intro-
duce unique structural constraints into peptide chains2

and derivatives functionalized at C4 have important
biological activities.3;4 Most reported methods to obtain
C4-functionalized pyroglutamates involve asymmetric
1,3-dipolar cycloadditions5 or N-alkylation using lith-
ium enolates derived from pyroglutamic esters.6 In a
recent report, C4-substituted N-Boc pyrrolidin-5-one
derivatives were synthesized from 4-(R)-hydroxy-LL-
proline through oxidation of 4-substituted-N-Boc
proline7;8 using the versatile oxidizing agent RuO4 gen-
erated in situ from RuO2/NaIO4 in a biphasic solvent
system.9 Our intention was to prepare C4-functionalized
N-alkylated pyroglutamate derivatives 5 (Scheme 2) as
intermediates for the synthesis of modified peptide
nucleic acids (PNA). This can be achieved by N-alkyl-
ation of suitable pyroglutamates; however, the use of
strong bases in N-alkylation is accompanied by a facile
opening of the pyrrolidine ring. To overcome this, we
attempted a hitherto unknown direct oxidation of vari-
ous N-alkylated C4-substituted pyrrolidine derivatives 4
(Scheme 2) using the oxidizing agent RuCl3/NaIO4.
Herein we report the interesting results observed on
regioselective oxidation of the endocyclic Na-methylene
(C5), in preference to oxidation of other Na-methylenes
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such as the exocyclic N-CH2 or CH2-NHBoc, which
yield the desired monomers for aepone-PNA synthesis.10

To test the efficiency of RuCl3/NaIO4, N-Boc-4-acetoxy
and 4-O-TBDMS proline methyl esters 1 were treated
with the reagent in two different biphasic solvent sys-
tems CCl4/CH3CN/H2O (1:1:1.5) and EtOAc/H2O (1:1)
(Scheme 1). The reaction gave the corresponding C5-one
products 2 in 70–75% yield. The structures of the com-
pounds were confirmed from the spectral data. Thus
RuCl3/NaIO4 is as efficient as RuO2/NaIO4 for oxida-
tion of the present substrates.

Various N-(Boc-aminoethyl)-4-(R/S)-substituted proline
methyl esters 4 (Scheme 2) prepared from 4-(R)-
hydroxyproline derivative 3 directly or via a Mitsunobu
reaction,11 at C4 were then subjected to oxidation using
RuCl3/NaIO4 in either CCl4/CH3CN/H2O (1:1:1.5) or
EtOAc/H2O (1:1) at room temperature and, as followed
by TLC analysis, the starting materials disappeared with
the appearance of a major product during a 30min to
1 h period. Isolation of the product after aqueous
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Figure 1. ORTEP diagram of the crystal structure15 of 5d.
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Scheme 2. Reagents and conditions: (i) Ac2O, Py, rt, 5 h for 4b, 80%;

TBDMSCl, DMF, imidazole 6 h for 4c, 70%; Ph3P, DIAD, PhCOOH

for 4d, THF, 5 h, 80%; Ph3P, DIAD, methyl tosylate for 4e, THF, 8 h,

65%; Ph3P, DIAD, 4-nitrobenzoic acid for 4f, THF, 10 h, 70%; (ii)

NaIO4/RuCl3ÆxH2O, AcOEt/H2O, rt, 30min to 1 h, yields 30–45%.

Details of a–f are given in the footnote of Table 1.
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work-up and characterization indicated the structures to
be 5, with oxidation occurring at C5. The isolated yields
of the products were in the range 30–45% and the sol-
vent system EtOAc/H2O (1:1) gave the best yield (Table
1). There was no particular dependence of the yields on
the stereochemistry of the C4-substituents, with R and S
isomers behaving similarly. Among the different C4-
substituents OMs, OBz, OAc, TBDMS, OTs and
OPNB, the reaction gave the best yield with the 4-OMs
derivative. A comparable C5-one product was obtained
even with the proline substrate 4g lacking any C4-sub-
stituents.5 The reactions of N-alkyl substrates 4 were
also found to be faster than those of N-Boc analogues 1.
All products were characterized by appropriate spectral
data.

RuO4 generated in situ from RuCl3/NaIO4 is well
known to oxidize methylene groups a to N or O het-
eroatoms into carbonyl groups.12 In the case of tertiary
amines present as a part of polycyclic systems with
N-benzyl substitution, the first oxidation occurs at the
exocyclic benzylic methylene followed by the endocyclic
methylene.13 In the substrates used here (4a–4g), there
are three Na-methylene groups––endocyclic C5, exocy-
clic N-CH2 and NHBoc-CH2. Of the different possible
oxidation products including N-oxide formation, it was
found that the major products (5a–5g) obtained from a
regioselective oxidation of the endocyclic CH2 resulted
at C5 of the pyrrolidine ring to give the lactam deriva-
tives. The identity of the oxidation product was unam-
biguously confirmed by single crystal X-ray data for 5a10

and 5d (Fig. 1). The present approach is therefore con-
venient as it gave intermediates for transformation into
other C4-substituted pyrrolidin-5-ones, particularly the
aepone-PNA analogues.10
Table 1. Reaction yields for RuCl3/NaIO4 oxidation of substrates 4
a

Entry Substrate Product EtOAc/H2O (% yield)

1 4a 5a 45

2 4b 5b 38

3 4c 5c 39

4 4d 5d 45

5 4e 5e 35

6 4f 5f 40

7 4g 5g 35

a For a–c, X¼H; d–f, Y¼H; a, Y¼OMs; b, Y¼OAc; c, Y¼OTBDMS; d
reaction procedure, see Ref. 14.
Spectroscopic characterization. In the absence of any
crystallographic data, it is necessary to unambiguously
identify the site of oxidation and this was done using 1H
and 13C NMR data (Table 2). In view of the similar
chemical shifts of different Na-methylene protons, the
1H NMR was completely assigned using 1H–1H DQF
COSY. While assignment of H5 is straightforward due
to coupling with H4, assignment of bH0H00 were done via
the connectivity with NH followed by assignment of
aH0H00. The different carbons were assigned from the
1H–13C HETCOR experiment.
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CH3CN/CCl4/H2O (1:1:1.5) Time (min)

45 60

30 30

32 45

36 30

30 75

37 45

41 45

, X¼OBz; e, X¼OTs; f, X¼OPNB; g, X¼H; Y¼H. For a typical



Table 2. Selected 1H and 13C chemical shifts (d ppm)a

Com-

pound

4a 5a 4b 5b 4g 5g

H4 5.2 5.3 5.3 5.4 1.8, 1.9 2.1

H50 2.8 –– 2.6 –– 2.4 ––

H500 3.4 –– 3.5 –– 3.1 ––

aH0 2.6 3.0 2.6 3.1 2.6 3.1

aH00 2.7 3.1 2.7 3.1 2.7 3.2

bH0 3.1 3.5 3.1 3.5 3.1 3.1

bH00 3.1 3.7 3.2 3.7 3.1 3.4

NH 5.1 4.8 5.2 4.9 5.2 4.9

C4 79.0 75.6 73.0 69.6 23.3 23.0

C5 58.4 169.8 58.6 171.2 53.4 172.4

Ca 53.5 42.0 53.2 42.9 54.8 42.1

Cb 39.0 37.4 39.0 37.5 39.0 38.2

aAll spectra were recorded at 500MHz for 1H and 125MHz for 13C in

CDCl3.
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The oxidized products 5 exhibited characteristic simi-
larities in their 1H and 13C NMR data compared to the
reaction substrates 4 as seen from the selected data
shown in Table 2. In the 13C NMR, the signal around
68.0 ppm due to C5 in substrates 4 disappeared after
oxidation giving rise to a new signal at around
170.0 ppm characteristic of C@O. The C4-signal was
shifted upfield by 3.4 ppm in 5a–5b upon oxidation,
while that of Ca was shifted upfield by 10–12 ppm. In
contrast, the chemical shift of Cb was not affected much.
In the 1H NMR of 4, the multiplets arising from the
nonequivalent H50500 protons around 2.6 and 3.4 ppm
disappeared in product 5, while signals due to aH and
bH were retained with a downfield shift of ca. 0.3 ppm
perhaps due to anisotropic effects of the C5-carbonyl.
Interestingly, no significant changes were seen for H4,
except for a change of the multiplet to a triplet. The
spectral data shown in Table 2 are for 5a whose crystal
structure is known10 along with 5b and 5g whose crystal
structures are not available. All three compounds
showed similar patterns in NMR, strongly supporting
the regiospecificity of the reaction.

In summary, we have observed that the endocyclic
methylene group at C5 of pyrrolidine derivatives is more
susceptible to oxidation with RuCl3/NaIO4 than the
other two exocyclic methylene groups a to heteroatom
N. These derivatives could be useful for synthesis of
N-alkylated pyrrolidinones and unnatural amino acids.
Supplementary material

Experimental procedures, NMR (1H–1H COSY and
13C–1H HETCOR) and mass spectra of 5a, 5d, 5e and
5g are available in the supplementary material.
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CCD diffractometer at room temperature. Crystal data:
C20H26N2O7, M ¼ 406:43, crystal dimensions 0.61· 0.59·
0.14mm, crystal system monoclinic, space group P21,
a ¼ 9:2779ð15Þ, b ¼ 8:9289ð14Þ, c ¼ 13:239ð2Þ�A, b ¼
96:512ð3Þ�, V ¼ 1089:7ð3Þ�A3, Z ¼ 2, Dc ¼ 1:239 g cm�3,
lðMo-KaÞ ¼ 0:094mm�1, T ¼ 293ð2ÞK, F ð000Þ¼ 432,
5493 reflections collected, 3634 unique [I > 2rðIÞ], S¼
1.053, R value 0.0393, wR2 ¼ 0:1116 (all data R ¼ 0:0416,
wR2 ¼ 0:1135). CCDC no 221794: cis-1-(N-Boc-amino-
ethyl)-4(S)-O-benzoyl-5-one-2(S)-proline methyl 5d. All
the data were corrected for Lorentzian, polarization and
absorption effects using Bruker�s SAINT and SADABS
programs. SHELX-97 (G. M. Sheldrick, SHELX-97
program for crystal structure solution and refinement,
University of Gottingen, Germany, 1997) was used for
structure solution and full matrix least squares refinement
on F 2. Hydrogen atoms were included in the refinement as
per the riding model.
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