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Summary. A procedure for the synthesis of enantiopure b3-amino acids

from proteinogenic a-amino acids, developed by our group a few years

ago, has been modified to enable the production of C-2 fully deuterated,

C-protected b3-amino acids and, even more important, the synthesis of

valuable deuterium labelled N(Boc)-protected chiral synthons, such as

2-aminoalcohols, 2-aminoiodides, and b3-amino nitriles.
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Introduction

Isotopically labelled molecules are important synthetic

targets. Labelled a-amino acids bearing deuterium atoms

(Lygo and Humphreys, 2002) at either a- or side-chain

carbons have been used for the elucidation of several bio-

synthetic pathways (Church and Young, 1998; Brandl et al.,

2005) as well as for the study of reaction mechanisms based

on MS and=or NMR spectrometries. Most recently, deuter-

ium labelled amino acids and their derivatives have been

incorporated in reagents and auxiliaries of analytical inter-

est: two important classes include ICAT (Isotope Coded

Affinity Tag) reagents (Gygi et al., 1999; Schrimpf et al.,

2005), used for accurate quantifications of individual pro-

teins within complex mixtures, and SIDA (Stable Isotope

Dilution Assay) auxiliaries, for the determination of trace

compounds in foodstuffs (Rufián-Henares and Morales,

2006; Stark et al., 2006).

Incorporation of labelled a-amino acids into peptides

and proteins often helps in the assignment of spectroscopic

data and in the investigation of secondary and tertiary struc-

tures (Gardner and Kay, 1997; Sack et al., 2000).

Considering the interesting biological properties of b-

amino acids and their role in natural product biosynthesis

(Seebach et al., 2004), as well as the emerging properties

of b-peptide oligomers in the field of foldamer chemistry

(Cheng et al., 2001; Seebach et al., 2004), deuterium

labelled b-amino acids are logical synthetic targets.

The simplest member in b-amino acid series is 3-amino-

propanoic acid, better known as b-alanine, and several dif-

ferent approaches have been so far used for its stereocon-

trolled labelling, from biocatalysis to asymmetric synthesis

(Basak, 1997). Other isotopically labelled b-amino acids

have been used for revealing the role of the amino acidic

moiety in natural product biosynthesis: they have mostly

been prepared by either enzyme-mediated transformations

or miscellaneous chemical methods (Sewald et al., 1995;

Basak, 1997).

Following our interest in the synthesis of enantiopure b3-

amino acids1) from proteinogenic a-amino acids, by way

of an efficient and scalable multi-step procedure developed

by our group a few years ago (Caputo et al., 1995a, b),

we are currently involved in the exploitation of the inter-

mediates of such procedure as chiral synthons (Bolognese

et al., 2006). Under these circumstances, we report now

a simple modification of our procedure that enables the

synthesis of unprecedented C-protected C-2-dideuterated

b3-amino acids and, possibly more significant, the produc-

tion of valuable deuterium labelledN(Boc)-protected chiral

synthons, like 2-aminoalcohols, 2-aminoiodides, and b3-

amino nitriles.

1) In b-amino acids, two carbon atoms separate carboxyl function and

amino group. The number(s) on b indicates which of such carbons carries

the amino acid side chain.



Materials and methods

General

Melting points were measured on Kofler apparatus and are uncorrected.

Optical rotations were measured on Jasco 1010 polarimeter (1.0 dm cell) in

CHCl3, unless otherwise specified. 1H and 13C NMR spectra were recorded

on Varian Inova 500, Bruker DRX-400, Varian Gemini 300 and 200 spectro-

meters: chemical shifts are in ppm (d);J coupling constants are in Hz; solvent

CDCl3, unless otherwise specified. GC=MS analyses were performed on

Hewlett-Packard 6890 GC=5973N MS (column: HP-1 cross-linked methyl

siloxane 25 m� 0.22 mm). Elemental analyses were performed on Perkin-

Elmer Series II 2400, CHNS analyzer. TLC were carried out on silica gel

Merck 60 F254 plates (0.2 mm layer thickness) and developed with ninhy-

drin (0.25% in MeOH) or UV visualized. Column chromatographies were

run on Merck kieselgel 60 (70–230 mesh). Protected a-amino acids and

other reagents, including NaBD4 (98% D) and D2O (99.9% D), were pur-

chased from Aldrich, at the highest purity grade, and used without further

purification. Dry solvents were distilled immediately before use.

Preparation of N(Boc)-protected 2-aminoalcohols-d2

(S)-tert-Butyl 1-hydroxypropan-2-ylcarbamate-1,1-d2 (2b). Typical proce-

dure: to a solution of N-methyl morpholine (NMM) (2.6 ml, 23.3 mmol)

and Boc-L-Ala-OH (4.0 g, 21.2 mmol) in anhydrous THF (70 ml), at 0 �C

and under magnetic stirring, methyl chloroformate (1.8 ml, 23.3 mmol) was

added dropwise. After 15 min, the solution was filtered and NMM�HCl salt

was washed with anhydrous THF (3� 20 ml). A solution of NaBD4 (1.1 g,

26.5 mmol) in D2O (8 ml) was then added dropwise to the filtrate, in ice bath

and under magnetic stirring. The ice bath was removed and the mixture let

rise to room temperature. After 10 min the solvent was evaporated under

reduced pressure. The residue was redissolved in EtOAc (100 ml) and the

solution washed with brine until neutral, then dried (Na2SO4). Evaporation

of EtOAc in vacuo afforded the crude reaction product 2b (3.47 g, 92%).

One analytical sample was prepared by chromatography on silica gel

(hexane=EtOAc, 7:3) and crystallization from hexane=EtOAc: m.p. 58.2–

59.0 �C; ½a�D
20 � 9:8 (c 1.32). 1H NMR (300 MHz): d 1.15 (d, J¼ 6.8,

3H, CH3), 1.43 (s, 9H, t-Bu), 2.95 (bs, 1H, OH), 3.71 (dd, J¼ 6.6 and 6.8,

1H, CH), 4.75 (bd, J¼ 6.6, 1H, NHBoc). 13C NMR (75 MHz): d 17.1, 28.2,

48.3, 66.5, 79.5, 156.2. Anal. calcd for C8H15D2NO3 (177.13): C 54.21,

H 10.80, N 7.90. Found: C 53.98, H 10.91, N 7.72.

tert-Butyl 2-hydroxyethylcarbamate-2,2-d2 (2a): 82% from Boc-Gly-

OH. One analytical sample: oil. 1H NMR (200 MHz): d 1.43 (s, 9H,

t-Bu), 3.22 (d, J¼ 5.5, 2H, CH2NH), 3.86 (bs, 1H, OH), 5.10 (bt, J¼ 5.5,

1H, NHBoc). 13C NMR (50 MHz): d 28.2, 29.5, 42.8, 79.6, 156.8. Anal.

calcd for C7H13D2NO3 (163.12): C 51.51, H 10.50, N 8.58. Found:

C 51.22, H 10.21, N 8.72.

(S)-tert-Butyl 1-hydroxy-3-phenylpropan-2-ylcarbamate-1,1-d2 (2c):

90% from Boc-L-Phe-OH. One analytical sample: m.p. 97.3–98.9 �C

(from hexane=EtOAc); ½a�D
20 � 23:1 (c 1.15). 1H NMR (300 MHz): d

1.43 (s, 9H, t-Bu), 1.92 (bs, 1H, OH), 2.82 (d, J¼ 7.1, 2H, CH2Ph), 3.78–

3.92 (m, 1H, CH), 4.72 (bs, 1H, NHBoc), 7.18–7.28 (m, 5H, H-Ar). 13C

NMR (75 MHz): d 28.2, 37.3, 49.1, 53.4, 79.6, 126.4, 128.4, 129.1, 137.6,

157.7. Anal. calcd for C14H19D2NO3 (253.16): C 66.37, H 9.15, N 5.53.

Found: C 66.59, H 8.92, N 5.80.

(R)-tert-Butyl 1-(benzyloxy)-3-hydroxypropan-2-ylcarbamate 3,3-d2

(2d): 84% from Boc-L-Ser(Bn)-OH. One analytical sample: mp 64.9–

65.7 �C (from hexane=EtOAc); ½a�D
20 þ 14:8 (c 1.71). 1H NMR

(300 MHz): d 1.45 (s, 9H, t-Bu), 2.60 (bs, 1H, OH), 3.67 (dd, J¼ 4.3

and 9.3, 1H, CHaO), 3.71 (dd, J¼ 3.8 and 9.3, 1H, CHbO), 3.80–3.90

(m, 1H, CH), 4.38 (d, J¼ 12.0, 1H, CHaPh), 4.62 (d, J¼ 12.0, 1H,

CHbPh), 5.22 (bs, 1H, NHBoc), 7.27–7.42 (m, 5H, H-Ar). 13C NMR

(75 MHz): d 28.8, 51.7, 63.1, 70.6, 73.4, 79.5, 127.0, 127.2, 127.8,

136.9, 155.1. Anal. calcd for C15H21D2NO4 (283.18): C 63.58, H

8.89, N 4.94. Found: C 63.75, H 8.91, N 4.72.

(S)-di-tert-Butyl 6-hydroxyhexane-1,5-diyldicarbamate-6,6-d2 (2e): 86%

from Boc-L-Lys(Boc)-OH. One analytical sample: oil; ½a�D
20 � 10:1 (c

1.92, CH3OH). 1H NMR (200 MHz, C6D6): d 0.93–1.32 (m, 6H,

3�CH2), 1.43 (s, 18H, 2� t-Bu), 2.14 (bs, 1H, OH), 2.78–2.98 (m, 2H,

CH2NH), 3.43–3.58 (m, 1H, CH), 4.13 (bs, 1H, NHBoc), 4.51 (bs, NHBoc).
13C NMR (125 MHz): d 23.0, 28.7, 30.2, 30.9, 40.0, 52.6, 65.8, 79.4, 79.7,

156.6, 156.7. Anal. calcd for C16H30D2N2O5 (334.24): C 57.46, H 10.25, N

8.38. Found: C 57.71, H 10.02, N 8.12.

Preparation of N(Boc)-protected �3-amino nitriles-d2

(S)-tert-Butyl 1-cyanopropan-2-ylcarbamate-1,1-d2 (4b). Typical proce-

dure: to a solution of triphenylphosphine (2.8 g, 10.6 mmol) in anhydrous

CH2Cl2 (70 ml), iodine (2.7 g, 10.8 mmol) was added at room temperature,

under argon atmosphere and magnetic stirring. After 15 min imidazole

(1.4 g, 21.2 mmol) was also added and the mixture was stirred for addi-

tional 15 min. The alcohol 2b (1.5 g, 8.5 mmol), dissolved in the same

solvent (20 ml), was finally added and the reaction mixture refluxed until

consumption of 2b (�1 h, TLC monitoring). The mixture was then cooled,

diluted with CH2Cl2 (100 ml), and washed with 10% aq Na2S2O4 (40 ml)

and brine (2� 50 ml). The organic layer was finally dried (Na2SO4) and

the solvents were evaporated in vacuo to give the crude iodide 3b, in

mixture with some white solid Ph3PO. The crude iodide was dissolved in

anhydrous DMSO (30 ml) and solid KCN (1.1 g, 17.0 mmol) was added

in one portion. The mixture was kept under magnetic stirring at 50 �C for

�3 h (TLC monitoring) and then carefully evaporated in vacuo. The

residue, redissolved in ethyl acetate (120 ml), was washed with brine

until neutral. The organic layer was finally dried (Na2SO4) and the

solvents were evaporated to give a whitish solid which was eventually

purified by chromatography (hexane=EtOAc; 8:2) to give 4b as a

white solid (1.3 g, 80%). One analytical sample: m.p. 68.2–70.0 �C

(from hexane=Et2O); ½a�D
20 � 83:1 (c 0.35). 1H NMR (400 MHz): d

1.33 (d, J¼ 6.8, 3H, CH3), 1.43 (s, 9H, t-Bu), 3.95–4.15 (m, 1H, CH),

4.69 (bd, J¼ 7.05, 1H, NHBoc). No evidences of signals in the region d
2.50–2.75 which are shown by its non-deuterated analog (Caputo et al.,

1995b). 13C NMR (75 MHz): d 19.4, 25.0, 28.3, 43.0, 80.1, 117.4, 154.8.

Anal. calcd for C9H14D2N2O2 (186.13): C 58.04, H 9.74, N 15.04.

Found: C 58.31, H 9.62, N 14.92.

tert-Butyl 2-cyanoethylcarbamate-2,2-d2 (4a): 69% from 2a. One analyt-

ical sample: m.p. 42.4–43.5 �C (from hexane=Et2O). 1H NMR (200 MHz):

d 1.45 (s, 9H, t-Bu), 3.38 (d, J¼ 6.3, 2H, CH2NH), 4.90 (bs, 1H, NHBoc).
13C NMR (50 MHz): d 28.1, 29.5, 36.5, 80.1, 118.0, 155.0. Anal. calcd for

C8H12D2N2O2 (172.12): C 55.79, H 9.36, N 16.27. Found: C 55.47, H 9.51,

N 16.52.

(S)-tert-Butyl 1-cyano-3-phenylpropan-2-ylcarbamate-1,1-d2 (4c): 77%

from 2c. One analytical sample: m.p. 123.8–125.0 �C (from hexa-

ne=Et2O); ½a�D
20 � 18:2 (c 1.15). 1H NMR (200 MHz): d 1.43 (s, 9H,

t-Bu), 2.86 (dd, J¼ 7.8 and 13.6, 1H, CHaPh), 2.99 (dd, J¼ 5.8 and 13.6,

1H, CHbPh), 4.00–4.17 (m, 1H, CH), 4.72 (bs, 1H, NHBoc), 7.18–7.28

(m, 5H, H-Ar). 13C NMR (75 MHz): d 28.2, 29.9, 39.3, 48.3, 79.6, 117.3,

126.4, 128.4, 129.1, 137.6, 154.8. No evidences of signals in the region

d 2.40–2.70 which are shown by its non-deuterated analog (Caputo et al.,

1995b). Anal. calcd for C15H18D2N2O2 (262.17): C 68.67, H 8.45, N

10.68. Found: C 68.39, H 8.28, N 10.91.

(R)-tert-Butyl 1-(benzyloxy)-3-cyanopropan-2-ylcarbamate-3,3-d2 (4d):

72% from 2d. One analytical sample: oil; ½a�D
20 � 9:7 (c¼ 1.62). 1H

NMR (300 MHz): d 1.50 (s, 9H, t-Bu), 3.60 (dd, J¼ 4.9 and 9.6, 1H,

CHaO), 3.70 (dd, J¼ 3.8 and 9.6, 1H, CHbO), 4.05–4.18 (m, 1H, CH),

4.58 (s, 2H, CH2Ph), 5.10 (bd, J¼ 6.4, 1H, NHBoc), 7.31–7.40 (m, 5H,

H-Ar). 13C NMR (75 MHz): d 28.1, 29.6, 46.8, 69.5, 73.4, 80.1, 117.1,

127.6, 127.9, 128.4, 137.1, 154.8. Anal. calcd for C16H20D2N2O3 (292.18):

C 65.73, H 8.27, N 9.58. Found: C 65.48, H 8.02, N 9.67.

(S)-tert-Butyl 6-cyanohexane-1,5-diyldicarbamate-6,6-d2 (4e): 70% from

2e. One analytical sample: m.p. 60.7–64.0 �C; ½a�D
20 � 45:2 (c¼ 0.57).

1H NMR (200 MHz, C6D6): d 1.10–1.60 (m, 6H, 3�CH2), 1.38 (s, 18H,
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2� t-Bu), 2.96–3.10 (m, 2H, CH2NH), 3.60–3.72 (m, 1H, CH), 4.42 (bs, 1H,

NHBoc), 4.65 (bs, 1H, NHBoc). 13C NMR (50 MHz): d 23.0, 28.5, 28.6,

29.9, 30.0, 33.1, 40.0, 47.3, 79.5, 80.3, 117.5, 155.4, 156.4. Anal. calcd for

C17H29D2N3O4 (343.24): C 59.45, H 9.68, N 12.23. Found: C 59.67, H 9.72,

N 11.98.

Preparation of methyl �3-amino esters-d2 hydrochlorides

(S)-Methyl 3-aminobutanoate-2,2-d2 hydrochloride (5b). Typical proce-

dure: to solid N(Boc)-b3-amino nitrile 4b (0.36 g, 1.95 mmol) a standard

solution (5 ml) of dry HCl (g) in anhydrous methanol (�12 M) was

added in one portion at 0 �C. The flask was then sealed and let reach

room temperature. After 12 h, 1–2 drops of D2O were added to the

solution and, within 20 min, the solvent was co-evaporated with anhy-

drous Et2O (3� 25 ml) under reduced pressure, to give the final product

5b as a crystalline solid (0.3 g, 91%). After recrystallization from

MeOH=Et2O: m.p. 250 �C (dec.); ½a�D
20 þ 0:19 (c 2.5, CH3OH). 1H

NMR (200 MHz; CD3OD): d 1.47 (d, J¼ 6.8, 3H, CH3), 3.48 (t, J¼ 6.8,

1H, CH), 3.72 (s, 3H, OCH3). 13C NMR (50 MHz; CD3OD): d 18.3,

38.2, 44.7, 52.2, 170.8.

Methyl 3-aminopropanoate-2,2-d2 hydrochloride (5a): 90% from 4a.

One analytical sample: m.p. 102.4–104.6 �C (from MeOH=Et2O). 1H

NMR (200 MHz; CD3OD): d 3.18 (bs, 2H, CH2NH), 3.73 (s, 3H,

OCH3). 13C NMR (50 MHz; CD3OD): d 32.1, 36.4, 52.7, 172.6.

(S)-Methyl 3-amino-4-phenylbutanoate-2,2-d2 (5c): 85% from 4c. One

analytical sample: m.p. 255.0 �C (dec.) (from MeOH=Et2O); ½a�D
20 þ 4:28

(c 1.38, CH3OH). 1H NMR (500 MHz; CD3OD): d 2.94 (dd, J¼ 8.3

and 14.16, 1H, CHaPh), 3.79 (dd, J¼ 6.35 and 14.16, 1H, CHbPh), 3.70

(s, 3H, OCH3), 3.82 (t, J¼ 7.32, 1H, CH), 7.05–7.38 (m, 5H, H-Ar). 13C

NMR (75 MHz; CD3OD): d 39.5, 48.3, 50.3, 52.8, 128.7, 129.4, 130.1,

136.7, 173.1.

(R)-Methyl 3-amino-4-(benzyloxy)butanoate-2,2-d2 (5d): 80% from 4d.

One analytical sample: oil; ½a�D
20 þ 0:68 (c 0.74, CH3OH). 1H NMR

(300 MHz; CD3OD): d 3.63–3.78 (m, 2H, CH2O), 3.63 (s, 3H, OCH3),

4.48 (d, J¼ 12.0, 1H, CHaPh), 4.54 (d, J¼ 12.0, 1H, CHbPh), 4.78 (m, 1H,

CH), 7.31–7.40 (m, 5H, H-Ar). 13C NMR (75 MHz): d 37.0, 48.0, 51.8,

72.4, 73.1, 127.2, 127.5, 127.8, 138.2, 171.1.

(S)-Methyl 3,7-diaminoheptanoate-2,2-d2 dihydrochloride (5e): 84%

from 4e. One analytical sample: oil; ½a�D
20 þ 8:49 (c 0.56, CH3OH). 1H

NMR (500 MHz; CD3OD): d 1.48–1.58 (m, 4H, 2�CH2), 1.68–1.72

(m, 2H, CH2CH), 2.93 (t, J¼ 7.8, 2H, CH2NH), 3.57 (t, J¼ 6.8, 1H,

CH), 3.75 (s, 3H, OCH3). 13C NMR (75 MHz): d 22.3, 27.9, 32.2, 38.3,

40.2, 44.0, 51.9, 173.2.

Results

The key step of the procedure, which is outlined in Fig. 1,

consisted of the preparation of N(Boc)-protected 2-ami-

noalcohols-1,1-d2, 2a–e, by sodium borodeuteride reduc-

tion of the parent N(Boc)-protected a-amino acid mixed

anhydrides, prepared in situ from N(Boc)-L-amino acids.

Deuterated N(Boc)-protected 2-aminoalcohols were then

converted into the corresponding 2-aminoiodides, 3a–e, by

reaction with triphenylphosphine-iodine (TPP-I2) complex,

in the presence of imidazole (Caputo et al., 1995a). Ami-

noiodides 3a–e were not isolated, in order to avoid time-

consuming and circumstantial chromatographic separations

of triphenylphosphine oxide that may also affect the rather

sensitive iodides. Should their purification be necessary, the

conversion of the parent alcohols into iodides may be better

performed using polystyryl diphenylphosphine-iodine com-

plex: under such conditions, phosphine oxide comes out

Fig. 1. Multi-step conversion of a-amino acids into enantiomerically pure b3-amino esters-2,2-d2 hydrochlorides
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being linked to the polymeric matrix and can be separated by

simple filtration.

Therefore, aminoiodides 3a–ewere treated directly with

potassium cyanide, in anhydrous DMSO at 50 �C, to afford

smoothly their corresponding b3-amino nitriles 4a–e. The

replacement of tetraethylammonium cyanide in dichloro-

methane (Caputo et al., 1995b) with potassium cyanide

in DMSO was recently devised in our lab as a significant

improvement of our original procedure, entailing more

confortable workup of the reaction and, as a consequence,

better yields of b3-amino nitriles from iodides.

The final methanolysis (HCl, >10 M in MeOH, 12 h,

room temperature) of N(Boc)-protected b3-amino nitriles

4a–e afforded the expected C-2 fully deuterated methyl

b3-amino ester hydrochlorides 5a–e. Despite the harsh

methanolysis conditions, no exchange of 2H by 1H could

be appreciated. The need of high HCl concentration is

accounted for by the co-occurrence of both cyano group

transformation and removal of amino group protection.

The incorporation of deuterium atoms into the target

molecules was excellent (>97.5%), as confirmed by 1H

NMR spectrometry.

To the best of our knowledge C-2-dideuterated b3-

amino acids have not been so far reported. The entire

process for their synthesis described by this paper is sim-

ple and general, characterized by ready-to-handle, easily

scalable reactions, and excellent yields of the target pro-

ducts. It is also far reaching for the significance of the

intermediates in the general organic synthesis.
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