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Nitroxides continue to play a central role among
organic stable free radicals. They have been, and are
still, extensively used as spin labels1 and in spin trapping
experiments,2 but many other promising applications
have emerged more recently: they are now studied as
spin sources for the elaboration of organic magnetic
materials,3 as precursors of highly selective oxidants,4 or
as capping agents for the control of “living” free-radical
polymerization processes.5 Chiral nitroxides have at-
tracted a special interest in very recent years due to their
potential applications as enantioselective oxidation cata-
lysts, for the development of paramagnetic chiral liquid
crystals, or in stereoselective coupling reactions with
prochiral radicals.6 Moreover, chiral nitroxides can be
reductively transformed into the corresponding, poten-
tially valuable, chiral amines by very simple and mild
chemical processes.2a In this context, C2-symmetric chiral
nitroxides appear to be valuable synthetic targets, owing
to the well-recognized importance of C2 chiral auxiliaries
in asymmetric synthesis.7 Up to now, although several
C2-symmetric nitroxide have been described in their
racemic form,5c,8a-e examples of optically active C2 ni-
troxides remain scarce. Müllen8f and Sogah5c prepared
racemic trans-2,5-dimethyl-2,5-diphenylpyrrolidin-1-oxy
radical 3. Müllen separated its enantiomers on a half

gram scale by chiral HPLC. However, the absolute
configurations of the stereocenters remained unknown.
We describe herein an enantioselective approach to
nitroxide 3, starting from readily available optically
active trans-2,5-dimethylpyrrolidine (1b) (Scheme 1).
The principle of the synthesis is very simple: C2-

symmetric optically active pyrrolidine 1b, bearing two
equivalent stereogenic centers, was first oxidized into
optically active nitrone 2. The following synthesis uti-
lized the methodology originally developed by Keana8a-d

and also used by Mullen8f and proceeded via two succes-
sive nitrone nucleophilic addition-oxidation sequences.
This method was known as allowing an efficient control
of the relative stereochemistry of the newly created
stereocenters, the nucleophiles being introduced on the
most accessible faces of the intermediate nitrones, i.e.,
in the trans relationship with respect to the bulkiest
substituent. When applied to optically active nitrone 2,
an absolute control of the newly created stereocenters
was performed, generating optically active, C2-symmetric
nitroxide 3. Starting from C2-symmetric pyrrolidine 1,
the whole process can be conceptually related to See-
bach’s general principle of self-regeneration of stereo-
centers (SRS).9 In our case, each stereocenter alterna-
tively plays the role of “chiral memory”, the second one
being destroyed during oxidation into a nitrone. The
remaining stereocenter is, therefore, able to ensure the
absolute stereochemical control of the subsequent nu-
cleophilic addition to this nitrone.
Improved methods are known for the synthesis of

optically active trans-2,5-dimethylpyrrolidine.10 One of
the most convenient methods, reported by Masamune,11
starts from optically pure (2S,5S)-2,5-hexanediol,12 now

(1) (a) Keana, J. F. W. Chem. Rev. 1978, 78, 37-64. For recent
examples see: (b) Bossmann, S. H.; Ghatlia, N. D.; Ottaviani, M. F.;
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Scheme 1. Enantioselective Synthesis of
C2-Symmetric

(2S,5S)-2,5-Dimethyl-2,5-diphenylpyrrolidin-1-oxy
Radical 3
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commercially available. Transformation of the diol into
dimesilate and double nucleophilic displacement with
benzylamine furnishes (2R,5R)-1-benzyl-2,5-dimethylpyr-
rolidine (1a) with high enantiopurity. In our hands, 1a
proved to be an easy-to-store, protected form of pyrroli-
dine 1b itself: N-debenzylation of 1a to 1b and subse-
quent oxidation of 1b into nitrone 2 has thus been
conducted without the need of the highly volatile 1b to
be isolated. The choice of the proper oxidation method
of 1b into 2 was crucial: oxidation of amines to nitrones
can efficiently be performed with H2O2 catalyzed by
Na2WO4.13 Applied to optically active 1b, this method
gave somewhat erratic results with variable degrees of
racemization of nitrone 2. A better alternative is the
recently described oxidation method using methyltrioxo-
rhenium/urea‚H2O2 complex.14 In this case, the enan-
tiomeric purity of nitrone 2 consistently reflects that of
amine 1a.15 The following synthesis was straightfor-
ward: reaction of optically active nitrone 2 (96% ee) with
phenylmagnesium bromide, at -78 °C, followed by a
reaction sequence similar to that developed by Keana,8a-d

gave nitroxide 3 with an enantiomeric excess of 93%
(measured after column chromatography purification on
silica gel).16,17 The absolute configuration of nitroxide 3
can be correlated to that of the starting amine 1b:
(2R,5R)-2,5-dimethylpyrrolidine furnishes (2S,5S)-2,5-
dimethyl-2,5-diphenylpyrrolidin-1-oxy radical. The enan-
tiomeric purity of nitroxide 3 could be raised from 93%
to 99.8% by two recrystallizations from hexane. This
sample had a specific rotation [R]21D -170.5 (c 1.04,
EtOAc) and melted at 132.5-133 °C (lit.8f [R]25D 174.4 (c
0.108, hexane), mp 130 °C). The spectral properties were
in accordance with literature data.8f Optically pure 3 is
thus available from commercial optically active 2,5-
hexanediol without any intermediate enantiomeric en-
richment.
Nitroxide 3 was next reduced to the corresponding

amine 4. Attempts to perform the reduction by catalytic
hydrogenation using various catalysts were disapointing,
leading to extensive degradation. Gratifingly, reduction
by zinc in aqueous hydrochloric acid18 followed by an
alkaline workup gave amine 4 with a quantitative yield

(Scheme 2). Starting from a sample of 3 with an ee of
99.8%, amine 4 had a specific rotation [R]21D -119.7 (c
2.61, EtOAc). Attempts to determine the enantiomeric
purity of this amine directly by chiral HPLC or by using
NMR techniques19 have failed so far. It was, however,
possible to oxidize amine 4 back into nitroxide 3 with
Oxone.20 Recovered nitroxide 3 had an unchanged enan-
tiomeric purity, confirming that, as expected, both reduc-
tion and reoxidation occurred without any loss of enan-
tiomeric purity. Optically active 4 should find interesting
applications, for example, by transformation into its
lithium amide, as a C2-symmetric chiral equivalent of
lithium 2,2,6,6-tetramethylpiperidide (LiTMP).21

Experimental Section

General Methods. (2S,5S)-2,5-Hexanediol, urea‚H2O2 com-
plex, Oxone, and methyltrioxorhenium were purchased from
Aldrich and used without purification. THF was distilled over
sodium/benzophenone prior to use. Infrared spectra were
recorded as liquid fims on NaCl plates or as KBr pellets. 1H
NMR spectra were recorded at 250 MHz and 13C NMR at 62.5
MHz; CDCl3 was used as the solvent. Chiral HPLC was
performed on a Chiracel OD-H column with a UV-vis spec-
trometer (254 nm) as the detector. UV-vis spectra were
recorded in CH2Cl2 solutions in 1 cm quartz cells.
(5R)-3,4-Dihydro-2,5-dimethyl-5H-pyrrole 1-Oxide (2).

1a (6.6 g, 34.3 mmol) (96% ee) was dissolved in 15 mL of MeOH.
Pd(OH)2 (2 g) at 20% on carbon was added, and the mixture
was vigorously stirred under H2, at room temperature and
atmospheric pressure, until completion of the reaction (TLC on
alumina; hexane/EtOAc, 1:1) (5-7 h). The reaction mixture was
then filtered on a short path of Celite. Catalyst and Celite were
thorougly washed with MeOH (3 × 5 mL) and the washings
combined with the filtrate. In a separate flask, 0.185 g of
methyltrioxorhenium and 25 g of urea‚H2O2 complex in 5 mL of
MeOHwere stirred at room temperature during 10 min and then
cooled to 0 °C. The methanolic solution obtained earlier was
then added under stirring to this reaction mixture, whose color
turned from yellow to dark red. After the mixture has been
stirred for 1 h at 0 °C, followed by 12 h at room temperature,
the solvent was evaporated in vacuo. The yellowish solid residue
was washed with CH2Cl2 (3 × 50 mL). The filtrate was
concentrated to give a yellow oil. This crude product was
purified by column chromatography (silica gel; EtOAc/MeOH,
8:2) to afford 2 g (51%) of pure nitrone 2: [R]21D +13.6 (c 1.07,
EtOAc), ee ) 96%.15 Spectroscopic data are in accordance with
those of the literature concerning the racemic compound.22

(2S,5S)-2,5-Dimethyl-2,5-diphenylpyrrolidin-1-oxy Radi-
cal (3). Nitrone 2 (2 g, 17.6 mmol) (96% ee) was dissolved in
10 mL of anhydrous THF, under argon, and cooled at -78 °C.
To this was added a solution of PhMgBr in THF (1 M, 35 mmol,
35 mL). The temperature was raised slowly to room tempera-
ture, and stirring was maintained overnight. The reaction

(11) Short, R. P.; Kennedy, R. M.; Masamune, S. J. Org. Chem. 1989,
54, 1755-1756.
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mannitol, see: Saravanan, P.; Raina, S.; Sambamurthy, T.; Singh, V.
K. J. Org. Chem. 1997, 62, 2669-2670.
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S. J. Org. Chem. 1990, 55, 1736-1744. (b) Murahashi, S I.; Shiota,
T.; Imada, Y. Org. Synth. 1991, 70, 265-271.

(14) (a) Murray, R. W.; Iyanar, K.; Chen, J.; Wearing, J. T. J. Org.
Chem. 1996, 61, 8099-8102. (b) Goti, A.; Nanelli, L. Tetrahedron Lett.
1996, 37, 6025-6028.
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2 in CDCl3. Effective splitting of the methyl singlet at 2.04 ppm was
observed. See: Toda, F.; Mori, K.; Okada, J.; Node, M.; Itoh, A.;
Oomine, K.; Fuji, K. Chem. Lett. 1988, 131-134.

(16) Enantiomeric composition of the optically active nitroxide has
been determined by HPLC on a Chiracel OD-H column, elution: iPrOH/
hexane (1/9), 0.5 mL min-1.

(17) When the same sequence was performed with (4-tert-butylphen-
yl)magnesium bromide on another sample of nitrone 2 with ee ) 98%,
a 79% ee of the corresponding nitroxide was obtained. Benzylmagne-
sium bromide gave the dibenzyl nitroxide with an ee of only 7%,
starting from a 93% enantiopure nitrone 2. Further studies concerning
these dramatic variations in the enantioselectivities as well as
improvements of the present method by the use of other organome-
tallics will be reported elswhere.

(18) Rosantsev, E. G.; Sholle, V. D. Synthesis 1971, 401-414.

(19) Parker, D. Chem. Rev. 1991, 91, 1441-1457.
(20) See: Brik, M. E. Tetrahedron Lett. 1995, 36, 5519-5522. Brik

claimed in situ generated dimethyldioxirane to be the true oxidant in
his procedure, as acetone was used as a cosolvent. We have, however,
found that when acetone was replaced by ethanol or methanol very
similar results were observed, suggesting a more direct involvment of
Oxone.

(21) For recent examples of C2-symmetric amines, see: Woltersdorf,
M.; Kranich, R.; Schmalz, H. G. Tetrahedron 1997, 53, 7219-7230.
For applications of C2-symmetric amines in synthesis see references
therein.

(22) Turner, M. J.; Luckenbach, L. A.; Turner, E. L. Synth. Commun.
1986, 16, 1377-1385.

Scheme 2. Reduction of Nitroxide 3 to Amine 4
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mixture was then poured into a saturated NH4Cl solution (100
mL). The mixture was filtrated on a pad of Celite and extracted
with CH2Cl2 (3 × 100 mL). The combined organic phases were
dried over Na2SO4, and the solvent was removed under reduced
pressure. The crude product (5.35 g) was dissolved in methanol
(66 mL). To this solution were added concentrated ammonium
hydroxide (22 wt %, 5 mL) and copper(II) acetate monohydrate
(0.57 g, 2.85 mmol). Oxygen was bubbled through the yellow
solution so obtained until a persistent deep blue color was
observed. The solvent was then removed under reduced pres-
sure and the crude product redissolved in CHCl3 (100 mL). This
solution was washed with a saturated NaHCO3 solution (50 mL)
and dried over Na2SO4 and the solvent removed under reduced
pressure. The crude product (5.15 g) was dissolved in 50 mL of
anhydrous THF and treated with PhMgBr (same quantity and
conditions as above). After workup (see above) 6 g of crude
product was obtained. It was oxidized by O2/copper acetate
(same quantities, conditions, and workup as above), furnishing
7 g of brown viscous oil. Purification by column chromatography
on silica gel (hexane/EtOAc, 98:2) provided nitroxide 3 (1.17 g,
24% yield from 2, 93% ee), mp 123.5-129 °C. Two recrystalli-
zations from hexane gave 0.71 g of 3 with ee ) 99.8%: mp
132.5-133 °C; [R]21D -170.5° (c 1.04, EtOAc); IR (KBr) 1601,
1496, 1444, 1416, 1372, 1269, 1063 cm-1; MS (DCI, NH3 +
isobutane) m/z 266 (100), 284 (16); UV-vis (0.32 10-3 M in
CH2Cl2) 241 nm (ε ) 2500), 423 nm (ε ) 4); ESR (1.3 10-3 M in
toluene) g ) 2.0066, aN ) 13.3 G. Anal. Calcd for C18H20NO:
C, 81.17; H, 7.56; N, 6.00. Found: C, 81.18; H, 7.72; N, 5.86.

(2S,5S)-2,5-Dimethyl-2,5-diphenylpyrrolidine (4). A mix-
ture of 0.532 g (2 mmol) of nitroxide 3 (99.8% ee), 12 mL of water,
3 mL of concentrated hydrochloric acid, and 0.94 g (14 mmol) of
zinc powder were refluxed under vigorous stirring until the
yellow color of the nitroxide had disappeared (1 h). After cooling,
the reaction mixture was made alkaline (pH > 12) with
concentrated NaOH (30 wt %) and then extracted with Et2O.
The combined extracts were dried over Na2SO4; the solvent was
removed under reduced pressure to afford 0.502 g of pure 4 as
a colorless oil: bp 115 °C (0.5 mmHg). 4‚HCl: mp 165-168
°C; IR (neat) cm-1 3083, 3058, 3024, 2968, 1445, 1094, 1027; 1H
NMR δ (ppm) 1.34 (6H, s), 1.73 (1H, bs), 2.13-2.27 (4H, m),
7.19-7.62 (10H, m); 13C NMR δ (ppm) 32.3, 39.8, 65.4, 125.3,
125.9, 151.3. Anal. Calcd for C18H21N: C, 86.01; H, 8.41; N,
5.57. Found: C, 86.12; H, 8.50; N, 5.58.
Reoxidation of Amine 4 into Nitroxide 3. Amine 4 (25.1

mg, 0.1 mmol) was dissolved in a mixture of 1 mL of EtOH20

and 0.3 mL of water. To this solution were added, under
stirring, 106 mg (1 mmol) of Na2CO3 followed by 361 mg of Oxone
(0.46 mmol) in portions of ca. 50 mg every 10 min. At the end
of the addition, the mixture was stirred for another 5 h. The
solid was then filtered off and washed with ethanol. The
combined filtrate and washings were evaporated at reduced
pressure, and the residue was chromatographed on silica gel
(hexane/EtOAc, 98:2), affording 19.7 mg of nitroxide 3 (74%),
ee ) 99.8%.16
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