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Abstract

We report two new asymmetric syntheses ofo-carboranylalanine, [3-(1,2-dicarba-closo-dodecaborane(12)-1-yl)-
2-aminopropanoic acid] (1), using the Fitzi–Seebach imidazolidinone and the Oppolzer–Lienard sultam procedure,
respectively. Both methods gave high diastereoselectivity but some racemisation of1 (EP, 91–96%) was observed
after the final hydrolysis step in the imidazolidine procedure. The Oppolzer procedure gave1 with EP>99%. The
absolute configuration of the (�)-1 (CH3OH) was established asS. The preparation of (S)-Boc-1 is reported.
Attention is drawn to a spontaneous self-degradation of the zwitterionic form of1 in water and methanol solutions.
© 2000 Elsevier Science Ltd. All rights reserved.
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o-Carboranylalanine is a potential candidate for use in Boron Neutron Capture Therapy (BNCT) either
per se or incorporated into peptides.

Syntheses of racemic1 and optically active12 have been reported by several authors and the use of
(S)-1 as an isostere for (S)-phenylalanine in peptides has been reviewed.3 We have recently reported a
new intramolecular self-degradation reaction of1 to the corresponding diastereomericnido-analogues
in water and methanol solutions. The reaction is pH-dependent and has a rate maximum at the pH
of the isoelectric point (pi=4.9).4 Accordingly, some care must be taken when1 is used in biological
experiments.

The enantiomers of the more lipophilic analogues of1 namelypara- andmeta-carboranylalanine have
recently been prepared in our laboratories.5a,b

In earlier papers we reported results concerning studies of penetration and binding of (S)-1 and (R)-1
in human melanoma spheroids,6 and their cellular binding to cultured melanoma B16 cells and some
effects of boron neutron capture.7
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We have successfully prepared (S)-1 according to Fauchère et al.2b and determined its EP value to
be 97%. As this procedure contains nine steps, including an enzymatic resolution, we have tried other
routes.

In early preparations2c the imidazolidinone4a,† obtained from the corresponding propargyl analogue
4b, was hydrolysed with acidic ion exchange resin (100°C), according to the procedure described by
Fitzi and Seebach,8 to give (S)-1. (R)-1 was obtained analogously. Diastereomerically pure4a and its
enantiomer gave amino acids with EP varying in the range 91–96%. In our present method (S)-1 is
obtained (EP=99.6%), using the sultam approach,9 in two steps from the propargylsultam2, obtainable
by the procedure of Oppolzer et al.9a No nido-compounds were formed in the basic conditions used in
the hydrolytic step (LiOH) or by the ammonia used for the liberation of (S)-1 from the ion exchange
resin.

The absolute configuration was confirmed by NOE-measurements on4b in which the configuration
at the stereocentre in the 2-position of the imidazolidinone ring is known.8 (S)-1 is leavorotatory in
MeOH (�=589 nm). The EP was for earlier preparations determined via HPLC of theN-�-(2,4-dinitro-
5-fluorophenyl)-(S)-alanineamide derivatives using the general method of Marfey.10 In addition a chiral
open tubular column SFC on the trifluoroacetamiden-propylester of (S)-1 was used for the determination
of the EP in the present synthesis.11

Synthesis of sultam3: Decaborane (1.35 g, 11.0 mmol) was suspended in toluene, diethyl sulphide
(5.1 mL) was added and the resulting mixture was refluxed for 2.5 h under nitrogen. Propargylsultam
29a (4.17g, 10.1 mmol) in toluene (25 mL) was added and the mixture refluxed for 5 h. The reaction
was monitored by1H NMR (C6D6). The reaction mixture was filtered through silica gel (30 g) and the
silica was washed with benzene (300 mL) and the filtrate concentrated. The residue in 100 mL methanol
was refluxed for 1.5 h and the solution concentrated to give 1.99 g of crude product which was flash
chromatographed on silica gel (100 g) with chloroform as eluent to give3 (1.48 g, 28%).‡

(S)-o-Carboranylalanine [(S)-1]: Sultam3 (0.736 g, 1.38 mmol) in a mixture of THF (45 mL) and 1.5
M hydrochloric acid (19 mL, 29 mmol) was stirred at 35°C until the amino-protecting group was removed
(ca. 30 h). The reaction was monitored by1H NMR in CD3OD on evaporated samples. The solvent was
stripped off at room temperature and the residue treated with saturated aqueous NaHCO3 (15 mL) and
extracted with CH2Cl2 (2�20 mL), the organic layer was washed with water (2�10 mL) and dried over
Na2SO4 to give the free aminosultam (5) (0.523 g). This sultam (0.333 g) and LiOH (69.2 mg, 2.89
mmol) in THF:H2O (18 mL, 2:1) was stirred at room temperature for 22 h and was acidified with 1 M
hydrochloric acid (pH=1). Water (10 mL) was added and the mixture was extracted with CH2Cl2 (five

† 1H NMR (CDCl3): � 4.89 (s, 1H, CH-C(CH3)3), 4.43 (broad s, 1H, CH cage), 4.11 (broad d, 1H, -(C_O)-CH), 3.21 (dd,
J=15.7, 2.1 Hz, 1H, -CH-CH2-), 2.99 (s, 3H, N-CH3), 2.82 (broad s, 1H, -CH-CH2-), 1.49 (s, 9H, -O-C-(CH3)3), 0.98 (s, 9H,
CH-C(CH3)3). 13C NMR (CDCl3): � 171.0 ((C_O)-CH), 152.1 ((C_O)-O-), 82.3 (-O-C-(CH3)3), 81.3 (broad,CH-C(CH3)3),
72.8 (C cage), 61.4 (CH cage), 58.4 (-(C_O)-CH), 40.8 (CH-C(CH3)3), 36.7 (-CH2-CCH), 32.3 (N-CH3), 28.3 (-O-C-(CH3)3),
26.6 (CH-C(CH3)3). 11B NMR (CDCl3, BF3�E2O as internal standard):� �2.3,�5.3,�10.2,�13.0.
‡ Anal. calcd for C18B10H36N2S3O3: C, 40.58; H, 6.81; N, 5.26. Found: C, 40.1; H, 6.8; N, 5.2.1H NMR (CDCl3): � 4.83 (dd,
J=7.8, 4.5 Hz, 1H, (C_O)-CH), 3.98 (broad s, 1H, cage C), 3.89 (dd, J=7.2, 5.6 Hz, 1H, N-CH-CH2-CH-), 3.47 (AB, J=13.8 Hz,
�=12.2, 1H, -SO2-CH2), 3.06 (dd, J=14.8, 4.5 Hz, 1H, (C_O)-CH-CH2), 2.79 (dd, J=14.8, 7.9, 1H, (C_O)-CH-CH2), 2.59 (s,
3H, -S-CH3), 2.42 (s, 3H, -S-CH3), 2.06 (m, 2H, -CH-CH2-CH-), 1.90 (m, 1H, -CH2-CH2-CH-), 1.89 (m, 1H, -CH2-CH2-CH-),
1.88 (m, 1H, -CH2-CH2-CH-), 1.42 (m, 1H, -CH2-CH2-CH-), 1.35 (m, 1H, -CH2-CH2-CH-), 1.13 (s, 3H, C-CH3), 0.97 (s, 3H,
C-CH3). 13C NMR (CDCl3): � 168.8 (C_O), 166.6 (N_C(SCH3)2), 72.6 (cage-C), 65.5 (N-CH-CH2-CH-), 64.1 ((C_O)-CH),
59.8 (cageCH), 52.9 (-SO2-CH2), 48.8 (-CH-C-CH2-), 47.9 (C-CH3)2), 44.4 (-CH2-CH2-CH-), 40.8 ((C_O)-CH-CH2), 38.0
(-CH-CH2-CH-), 32.7 (-CH2-CH2-CH-), 26.4 (-CH2-CH2-CH-), 20.5 (C-CH3), 19.8 (C-CH3), 15.3 (SCH3), 14.8 (SCH3). 11B
NMR (CDCl3): � �5.2,�5.7,�10.4,�11.9,�13.2.
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times with a total of 50 mL). The water phase was filtered, evaporated to dryness to give 0.258 g residue
containing (S)-1�HCl and lithium chloride. This product (0.085 g) was dissolved in water and enough
1 M hydrochloric acid was added to get a clear solution, which was stirred with wet Dowex 50W-X2
100–200 mesh (7 g, activated with 1 M aqueous hydrochloric acid) for 2 h. The solution was removed
and the resin washed with water (100 mL), ethanol (20 mL) and with water (30 mL). The amino acid
was eluted from the resin at 0°C with 10% ammonia (30 mL) and the eluent evaporated to dryness at
0°C to give (S)-1 (0.040 g, 60%).§ EP=99.6% and 99.8% according to the method using a chiral open
tubular column SFC11 and the method of Marfey,10 respectively. In three independent experiments the
latter method gave EP-values in the range 49.8–51.5% (with regard to (S)-1) for rac-1.

The Boc-derivative of (S)-o-carboranylalanine [(S)-Boc-1] first reported by Fauchère et al.2b was
prepared either directly from the free amino acid (S)-1 or via the Boc derivative [(S)-Boc-5] (obtained as
a mixture of conformational isomers) of the free amino sultam (S)-5 according to the general procedure
by Oppolzer8a (Scheme 1).1H and 13C NMR data for (S)-Boc-1 are reported.¶ 1H NMR spectrum
in CH3OH(d6) and CDCl3 both give broad signals at 25°C. At 50°C signals with fine splittings were
observed.

Scheme 1.
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§ ���20.0
589=�4.2,���20.0

578=�4.3,���20.0
546=�4.6,���20.0

436=�6.1,���20.0
365=�5.8 (c=1.34 in CH3OH) measured on a freshly prepared

solution. The optical rotation diminishes with time due to the degradation reaction mentioned.1H NMR (CD3OD): � 3.68 (t,
1H, J=5.9 Hz, -CH-CH2-), 3.08 (dd, 1H, J=16, 5.9 Hz, -CH-CH2-), 2.64 (dd, 1H, J=16, 5.9 Hz, -CH-CH2-). The proton in
2-position on the carbon cage is hidden under the OH-signal from the solvent, (�H 4.94).13C NMR (CD3OD):� 171.9 (C_O),
74.4 (C cage), 63.6 (CH-CH2), (cageCH), 55.0 (CH-CH2), 40.0 (-CH-CH2-), 11B NMR (CD3OD):� �2.2,�5.0,�9.3,�11.7.
MS (electrospray, 3.1 kV): calcd for C5H17

11B10NO2, m/z233, observed: clusters of peaks centred around 232.
¶ 1H NMR (CDCl3) � ppm: 5.89 (br s, 1H, NH), 4.09 (br s, 1H, cage CH), 3.87–3.96 (m, 1H, CH�), 2.71–2.83 (m, 1H, CH2),
2.42–2.48 (m, 1H, CH2), 1.42 (s, 9H, CH3-Boc); 1H NMR (CD3OD, 50°C)� ppm: 4.59 (br s, 1H, cage CH), 3.98 (dd, J=3.7,
8.9, 1H, CH�), 2.92 (2.57 dd, J=8.9, 15.4, 1H, CH2), 1.44 (s, 9H, CH3-Boc).13C NMR (CD3OD)� ppm: 157.8 (CONH), 80.8
(CMe3), 75.3 (cage-C), 62.8 (cage-CH), 56.2 (CHCH2), 40.9 (CHCH2), 28.8 ((CH3)3C).



754

References

1. (a) Brattsev, V. A.; Stanko, V. I.Zh. Obshch. Khim.1969, 39, 1175–1176. (b) Zakharkin, L. I.; Grebennikov, A. V.; L0vov,
A. I. Izv. Akad. Nauk SSSR, Ser. Khim.1970, 1, 106–112. (c) Wyzlic, I. M.; Soloway, A. H.Tetrahedron Lett.1992,33,
7489–7490.

2. (a) Leukart, O.; Caviezel, M.; Eberle, A.; Escher, E.; Tun-Kyi, A.; Schwyzer, R.Helv. Chim. Acta1976, 59, 2184–2187.
(b) Fauchère, J.-L.; Leukart, O.; Eberle, A.; Schwyzer, R.Helv. Chim. Acta1979, 629, 1386–1395. (c) Andersson, A.;
Andersson, J.; Burgman, J.-O.; Capala, J.; Carlsson, J.; Condé, H.; Crawford, J.; Graffman, S.; Grusell, E.; Holmberg, A.;
Johansson, E.; Larsson, B. S.; Larsson, B.; Liljefors, T.; Lindström, P.; Malmquist, J.; Pellettieri, L.; Pettersson, O.; Pontén,
J.; Roberti, A.; Russel, K.; Reist, H.; Salford, L.; Sjöberg, S.; Stenerlöw, B.; Strömberg, P.; Westermark, B. Programme
for BNCT with Accelerator-produced keV Neutrons and Related Chemical and Biological Studies. InProgress in Neutron
Capture Therapy for Cancer; Allen, B. J.; Moore, J. B.; Harrington, B. V., Eds.; Plenum: New York, 1992; pp. 41–52. (d)
Radel, P.; Kahl, S. B.J. Org. Chem.1996, 61, 4582–4588. (e) Karnbrock, W.; Musiol, H.-J.; Moroder, L.Tetrahedron1995,
51, 1187–1196.

3. Wyzlic, I. M.; Tjarks, W.; Soloway, A. H.; Anisuzzaman, K. M.; Fen-Guang, R.; Barth, M. D.Int. J. Radiat. Oncology Biol.
Phys. 1994, 28, 1203–1214.

4. Svantesson, E.; Pettersson, J.; Olin, Å.; Markides, K.; Sjöberg, S.Acta Chem. Scand.1999, 53, 731–736.
5. (a) Malmquist, J.; Sjöberg, S.Tetrahedron1996, 52, 9207–9218. (b) Naeslund, C.; Girmait, S.; Sjöberg, S., unpublished

results.
6. Pettersson, O.; Olsson, P.; Lindström, P.; Sjöberg, S.; Larsson, B. S.; Carlsson, J.Acta Oncol. 1994, 33, 658–691.
7. Pettersson, O.; Olsson, P.; Lindström, P.; Sjöberg, S.; Carlsson, J.Melanoma Research1993, 3, 369–376.
8. Fitzi, R.; Seebach, D.Tetrahedron1988, 44, 5277–5292.
9. (a) Oppolzer, W.; Lienard, P.Helv. Chim. Acta1992, 75, 2572–2582. (b) Oppolzer, W.; Moretti, R.; Thomi, S.Tetrahedron

Lett.1989, 30, 6099–6010.
10. Marfey, P.Carlsberg Res. Commun.1984, 49, 591–596.
11. Pettersson, P.; Malmquist, J.; Markides, K.; Sjöberg, S.J. Chromatogr. 1994, 670,239–242.


