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Abstract—Amination of 3-carboxymethyl-1-oxyl-2,2,6,6-tetramethyl-4-piperidone with (R)-�-methylbenzylamine, NaBH3CN
reduction of the resulting enamine and removal of the chiral auxiliary from the separated diastereoisomers, led to enantiomerically
pure (3S,4S) and (3R,4R) methyl 4-amino-1-oxyl-2,2,6,6-tetramethylpiperidine-3-carboxylates. © 2003 Elsevier Science Ltd. All
rights reserved.

Stable nitroxide free radicals are of continuing interest
for use as spin labels in the study of conformation and
structural mobility of biological systems,1a–d as spin
traps of other radical species1e–h and as oxidizing
agents.1i–k Moreover, optically active nitroxides were
developed as enantioselective oxidizing agents and for
stereoselective coupling with prochiral radicals.2 Fol-
lowing on from previous work in our groups with the
nitroxide-based, achiral, C�-tetrasubstituted �-amino
acid TOAC (4-amino-1-oxyl-2,2,6,6-tetramethyl-
piperidine-4-carboxylic acid),3 we were interested by the
prospect of creating a new chiral, spin-labelled amino
acid.

The TOAC residue4 (Fig. 1) was used to label peptides
at N-terminal and internal positions for conformational

and biological studies.5 The tetrasubstituted �-carbon
of TOAC is responsible for its ability to induce �-turn
or 310/�-helical structures in peptides, but also for the
reduced reactivity of its amino group, which may be
problematic if the residue is to be placed at an internal
position of a peptide.6 The �-amino acid POAC (3-
amino-1-oxyl-2,2,5,5-tetramethylpyrrolidine-4-carboxy-
lic acid), first described by Rassat and Rey,4a was
recently incorporated by solid phase synthesis into an
angiotensin-II analogue.7 It was noted that coupling of
the next amino acid after the POAC residue proceeded
smoothly, whereas the equivalent coupling after the
TOAC residue required a large excess of reagent and
repeated coupling steps.7,8 However, to our knowledge,
the POAC residue was synthesized as a mixture of the
two trans enantiomers, and used as such.9 It appeared

Figure 1. Chemical structures of the spin-labelled amino acids TOAC, POAC and �-TOAC.
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to us to be desirable to design a cyclic derivative that
could be obtained in enantiopure form, while keeping
the �-amino acid structure that allows easy peptide
coupling. The compound which we named �-TOAC
(Fig. 1) was the chosen target.

The �-amino acids have been the subject of much
synthetic effort in recent years, particularly after it was
demonstrated that their oligomers may fold into stable
helical conformations.10 Gellman and co-workers suc-
cessfully developed asymmetric routes to trans-3-
aminopyrrolidine-4-carboxylic acid and trans-2-amino-
cyclopentanecarboxylic acid.11 The key steps in their
syntheses were the reductive amination of a �-ketoester
with either (R)- or (S)-�-methylbenzylamine in the
presence of NaBH3CN, and subsequent selective crys-
tallisation of the HCl salts of the obtained �-amino
esters, to provide either trans enantiomer. A similar
method for the preparation of cis-2-aminocyclohexane-
carboxylic acid had previously been described by Xu et
al.12 who performed the reduction step using NaBH4

and an organic acid, and isolated the major
diastereomer formed as its HBr salt. This pathway was
used recently by Gellman and co-workers13 who eventu-
ally obtained trans-2-aminocyclohexanecarboxylic acid
by epimerization of the cis isomer. We decided to
attempt such a procedure applied to 3-carboxymethyl-
1-oxyl-2,2,6,6-tetramethyl-4-piperidone 2 (Fig. 2) as a
route to enantiopure �-TOAC.

Commercially available 2,2,6,6-tetramethyl-4-piperi-
done was oxidized by a described procedure to its
1-oxyl derivative 1 (Fig. 2).14 The efficiency of carboxy-
lation of this compound with carbon dioxide in the
presence of potassium phenoxide following the pub-
lished method15 proved to be variable in our hands; the
yield of esterified product 2 obtained after reaction with
diazomethane (lit. 35%) varied between 15 and 50%
over different runs performed under apparently the
same conditions. Amination of 2 with (R)-�-methylbenz-
ylamine in the presence of acetic acid proceeded
smoothly to provide the desired products (R)-316 in
61% yield. The reaction was also performed with (S)-�-
methylbenzylamine, to give (S)-316 in 66% yield (not
shown). The enamine structure of 3 was determined
from its 1H NMR spectrum.17

The isolated enamine (R)-3 was reduced in the presence
of NaBH3CN and acetic acid. These conditions are
known not to affect the nitroxide group.19 The mixture
of reduced products 4 was purified by column chro-
matography. The desired HCl salts were prepared by
adding a solution of HCl in EtOAc to a cold solution
of 4 in EtOAc. The precipitate formed was collected
and recrystallised from MeCN to give (1�R,3S,4S)-416

as a sole diastereomer as judged from its 1H NMR
spectrum. The other diastereomer (1�R,3R,4R)-416 was
obtained from the EtOAc mother liquor. The same
reaction sequence was followed starting from the enam-
ine (S)-3, to give (1�S,3R,4R)-416 as crystals and
(1�S,3S,4S)-416 from the EtOAc mother liquor (not
shown).

Figure 2. Synthetic path for amination of 3-carboxymethyl-
2,2,6,6-tetramethyl-4-piperidone 2 by (R)-�-methylbenzyl-
amine, followed by reduction of the resulting enamine (R)-3.
(i) KOPh; CO2; DMF; rt; 2 h, then CH2N2; Et2O. (ii)
(R)-�-methylbenzylamine; AcOH; EtOH; 4A� MS; rt; 48 h.
(iii) NaBH3CN; AcOH; EtOH; 75°C; 2 h. (iv) HCl/EtOAc;
0°C; filtration and recrystallisation from MeCN.

The derivative (1�S,3R,4R)-4 was obtained after recrys-
tallisation from MeCN as large orange crystals suitable
for X-ray diffraction analysis (Fig. 3),20 allowing the
assignment of the absolute configuration at C3 and C4.

The crystal structure confirmed the cis configuration of
the �-amino ester, which had been suggested by the
NMR spectra. This result is in agreement with the
findings of Cimarelli and Palmieri,21 who obtained cis
products from NaHB(OAc)3 reduction of cyclic �-
enamino esters. It is also consistent with the already
mentioned results of Xu et al.12 and Gellman and
co-workers13 in the case of six-membered rings. How-
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Figure 3. X-Ray diffraction structure of (1�S,3R,4R)-4·HCl.20

Figure 4. Removal of the chiral auxiliary from diastereoiso-
mers 4, followed by C-deprotection/N-protection of the
resulting �-amino ester enantiomers 5. (i) Pd/C 10%; 95%
EtOH; rt; 30 min. (ii) Cu(OAc)2; MeOH; air; rt; 7 days. (iii)
NaOH (aq); MeOH; reflux; 5 h. (iv) Fmoc-succinimidyl car-
bonate; NaHCO3; acetone/water 2:1; rt; 18 h.

ever, it is at variance with that of Gellman and co-
workers,11 who had obtained the trans reduction prod-
ucts from a pyrrolidine substrate when NaBH3CN was
used as the reducing agent.

Removal of the chiral auxiliary from 4 by hydrogena-
tion over Pd/C proved to be a little delicate. While it is
known that the nitroxide group may be completely
reduced under these conditions to the secondary
amine,22 it is also possible to obtain an intermediate
N-hydroxy compound, from which the nitroxide func-
tion can be regenerated.23,24 Our initial hydrogenation
attempts carried out at a pressure of 50 psi for several
hours resulted in complex mixtures of products. We
found that hydrogenation at atmospheric pressure and
for only a short period (<30 min) was enough to allow
efficient cleavage of the �-methylbenzyl group, while
avoiding over-reduction of the nitroxide group to the
amine and subsequent decomposition. The nitroxide
function was regenerated by stirring the crude hydro-
genated product open to the air in the presence of
Cu(OAc)2 for 7 days. In this way compounds (3S,4S)-
516 and (3R,4R)-516 were obtained in 54 and 62% yield,
respectively (Fig. 4). A derivative suitable for peptide
synthesis was prepared from (3S,4S)-5 by saponifica-
tion of the methyl ester and Fmoc (9-fluorenylmethyl-
oxycarbonyl) protection of the amino group, to provide
the building block (3S,4S)-616 in 45% yield. The other
enantiomer (3R,4R)-616 was prepared in the same way
from (3R,4R)-5 in 83% yield.

HPLC analysis of (3S,4S)-6 and (3R,4R)-6 on a Chiral-
cel OD-RH column25 showed the enantiomeric excess
of each to be >99.5%.

In conclusion, the two enantiomers of the cis �-TOAC
residue, bearing a nitroxide function, have been synthe-
sized in enantiopure form and in a reasonable yield. We
are currently investigating epimerization of the major
cis amination products 4 to their trans isomers, as a

route to the trans �-TOAC enantiomers. We believe
that these novel spin-labelled, rigid and chiral �-amino
acids will find applications in peptidomimetic confor-
mational and biological studies.
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A.; Wakselman, M.; Mazaleyrat, J.-P., manuscript in
preparation.

10. For review articles, see: (a) Koert, U. Angew. Chem., Int.
Ed. Engl. 1997, 36, 1836–1387; (b) Iverson, B. L. Nature
1997, 385, 113–115; (c) Borman, S. Chem. Eng. News 1997,
32–35 (June 16); (d) Seebach, D.; Matthews, J. L. J. Chem.
Soc., Chem. Commun. 1997, 2015–2022; (e) Gellman, S. H.
Acc. Chem. Res. 1998, 31, 173–180; (f) Gademann, K.;
Hintermann, T.; Schreiber, J. V. Curr. Med. Chem. 1999,
6, 905–925; (g) Wu, Y.-D.; Wang, D.-P. J. Am. Chem. Soc.
1999, 121, 9352–9362; (h) Hartgerink, J. D.; Clark, T. D.;
Ghadiri, M. R. Chem. Eur. J. 1998, 4, 1367–1372; (i)

DeGrado, W. F.; Schneider, J. P.; Hamuro, Y. J. Peptide
Res. 1999, 54, 206–217.

11. (a) Lee, H.-S.; LePlae, P. R.; Porter, E. A.; Gellman, S. H.
J. Org. Chem. 2001, 66, 3597–3599; (b) LePlae, P. R.;
Umezawa, N.; Lee, H.-S.; Gellman, S. H. J. Org. Chem.
2001, 66, 5629–5632.

12. Xu, D.; Prasad, K.; Repic, O.; Blacklock, T. J. Tetra-
hedron: Asymmetry 1997, 8, 1445–1451.

13. Schinnerl, M.; Murray, J. K.; Langenhan, J. M.; Gellman,
S. H. Eur. J. Org. Chem. 2003, 721–726.

14. Rauckman, E. J.; Rosen, G. M.; Abou-Donia, M. B. Synth.
Commun. 1975, 5, 409–413.

15. Mori, H.; Ohara, M.; Kwan, T. Chem. Pharm. Bull. 1980,
28, 3178–3183.

16. All new compounds gave satisfactory analytical data
(1H/13C NMR, C,H,N analysis and/or ESI/MS). Further
experimental details of synthesis will be given in a full
account of this study. Optical rotations [� ]546

25 are as
follows: (R)-3: −441 (c 0.25;MeOH). (S)-3: +456 (c 0.26;
MeOH). (1�R,3S,4S)-4: +48 (c 0.25; MeOH). (1�R,3R,4R)-
4: +41 (c 0.25; MeOH). (1�S,3R,4R)-4: −52 (c 0.26; MeOH).
(1�S,3S,4S)-4: −47 (c 0.25; MeOH). (3S,4S)-5: +23 (c 0.1;
MeOH). (3R,4R)-5: −22 (c 0.1; MeOH). (3S,4S)-6: −25 (c
0.1; MeOH). (3R,4R)-6: +23 (c 0.2; MeOH).

17. Well resolved 1H and 13C NMR spectra of the nitroxide
products in this study could only be obtained by prelimi-
nary use of the sodium dithionite reduction procedure
proposed in Ref. 18.

18. Ozinskas, A. J.; Bobst, A. M. Helv. Chim. Acta 1980, 63,
1407–1411.

19. Rosen, G. M. J. Med. Chem. 1974, 17, 358–360.
20. X-Ray quality crystals of (1�S,3R,4R)-4 were obtained by

recrystallisation from acetonitrile solution. CCDC 204395
contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge at
http://www.ccdc.cam.ac.uk/conts/retrieving.html [or from
the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: (internat.) +44-1223/
336-033; E-mail: deposit@ccdc.cam.ac.uk].

21. Cimarelli, C.; Palmieri, G. J. Org. Chem. 1996, 61, 5557–
5563.

22. Rozantsev, E. G. Free Nitroxyl Radicals ; Plenum Press:
New York, 1965.

23. Keana, J. F. W.; Norton, R. S.; Morello, M.; Van Engen,
D.; Clardy, J. J. Am. Chem. Soc. 1978, 100, 934–937.

24. Dulog, L.; Wang, W. Liebigs Ann. Chem. 1992, 301–303.
25. Column Chiralcel OD-RH (Daicel, Tokyo, Japan), eluent

0.1 M KPF6 (aq.): MeCN 70:30, flow rate 0.5 mL/min,
detection 254 nm, column temperature 30°C.

http://www.ccdc.cam.ac.uk/conts/retrieving.html

	4-Amino-1-oxyl-2,2,6,6-tetramethylpiperidine-3-carboxylic acid (beta-TOAC), the first spin-labelled, cyclic, c...
	References


