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Abstract L-b-Haloalanines are physiologically active

unnatural amino acids and they are useful intermediates for

the synthesis of natural and unnatural amino acids, S-linked

glycopeptides, and lanthionines. In general L-b-haloala-

nines were prepared predominantly from L-serine via

functional group transformation. Here we reported an

alternative approach for the preparation of L-b-haloalanines

via halogenation of protected L-cysteine esters which was

obtained from L-cysteine or L-cystine, respectively. The

mercapto group of protected L-cysteine esters was

efficiently transformed to halo groups by triphenylphos-

phine/N-halosuccinimides. It has been proved to be a

versatile desulfurization strategy via this functional group

transformation.
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Introduction

Optical active unnatural amino acids play important roles

in living organisms. Thus the development of novel

methods for synthesizing these unnatural amino acids is of

great interest for organic chemists and medicinal chemists

(Williams 1989). L-b-Haloalanines are physiologically

active unnatural amino acids and they are important

intermediates for the syntheses of natural and unnatural

amino acids, medicines and pesticides owing to their fur-

ther functionality (Soper et al. 1977). Incorporation of

these unnatural amino acids into peptides or non-peptides

plays an important role in peptide ligand-receptor interac-

tion and also has a crucial role in the rational design of

bioactive peptides and their non-peptide mimetics. In

general, L-b-haloalanines were prepared by chemical syn-

thesis from L-serine (Fisher and Raske 1907), and optical

resolution and preferential crystallization of racemic b-

chloroalanine (Inoue and Murayama 1986; Ohoka et al.

1987). L-b-Chloroalanine can also be chemicoenzymati-

cally prepared from the reductive amination of 3-

chloropyruvate catalyzed by alanine dehydrogenase (Kato

et al. 1993). The peptides containing b-chloroanaline were

also readily prepared on resin by converting a protected

hydroxyl group of serine to a chloro group with triphen-

ylphosphine dichloride and the following intramolecular

substitution of the chloro group of b-chloroanaline with the

thiol group of cysteine offers thioether linked peptides

which were widely utilized as a stable disulfide surrogate to

replace the native disulfide bridges of bioactive cyclic

peptides, such as hormones, neurotransmitters, and neuro-

modulators, to prolong their biological activities (Yu et al.

1998). b-Bromoalanine derivatives were used to prepare

lanthionines which are a group of non-standard amino

acids consists of two alanines linked by a thioether bridge

(Zhu and Schmidt 2003). S-Linked glycopeptides, naturally

occurring O-glycosidic or N-glycosidic peptides modified

by the replacement of the anomeric oxgen by sulfur, were

also efficiently prepared from b-bromoalanine and c-

bromohomoalanine which were generated directly by bro-

mination of serine and homoserine residues, respectively

(Zhu and Schmidt 2004). The bromine group of the

bromoalanine-containing peptides was displaced by a thiol
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group of the sulfur-containing lipid to synthesize S-farn-

esylated and S-palmitoylated peptides via SN2

displacement (Pachamuthu et al. 2005).

All of these chemical syntheses of haloalanine derivatives

were prepared from serine residue. From structural view,

L-cysteine is a thiol analogue of L-serine which contains a

hydroxyl group. L-Cysteine is known to be biosynthesized by

the sequential reaction of two enzymes, serine acetyltrans-

ferase and O-acetylserine (thiol) lyase, using L-serine as the

starting material (Wirtz and Hell 2006). These biochemical

reactions are irreversible in vivo (http://www.genome.

ad.jp/kegg/pathway/map/map00272.html). In continuation

of our studies on the convenient preparation of unnatural

amino acids (Tao et al. 2004), we envisioned that the mer-

capto group of L-cysteine can be displaced by other groups

via functional group transformation to give unnatural amino

acids. The mercapto group of thiols were efficiently con-

verted to alkyl halides in high to excellent yields when

treated with triphenylphosphine (Ph3P)/N-halosuccinimide

(NXS, halogen: Br, Cl, and I) (Iranpoor et al. 2001), Ph3P/

2,3-dichloro-5,6-dicyanobenzoquinone (Iranpoor et al.

2002), sulfuryl chloride/Ph3P (Still et al. 1982), Ph3P/iodine

(Oae and Togo 1981), chlorocarbonylsulphenyl chloride/

Ph3P (Clive and Denyer 1972), or Ph3P/carbon tetrachloride

(Weiss and Snyder 1968). However there is no report on the

formation of haloamino acid derivatives using these simple,

mild, and efficient methods for the conversion of thiols to

alkyl halides because of the much more polarity of sulfur-

containing amino acids. Herein we reported the results of an

alternative approach to prepare haloalanines via halogena-

tion of protected L-cysteine esters using L-cysteine or

L-cystine as starting materials, respectively. The mercapto

group of protected L-cysteine esters was efficiently

transformed to halo groups by triphenylphosphine/N-halo-

succinimides. It has been proved to be a versatile

desulfurization strategy via this functional group

transformation.

Materials and methods

General

Melting points were recorded on an X-6 apparatus and are

uncorrected. IR spectra were recorded on a PerkinElmer

Spectrum One spectrometer using KBr disc and vmax is

given in cm-1. NMR spectra were recorded on a Bruker

Avance 600 spectrometer (1H NMR: 600 MHz; 13C NMR:

150 MHz) at room temperature. The chemical shifts (d) are

reported in parts per million (ppm) relative to tetrameth-

ylsilane as internal standard and the coupling constants (J)

are given in Hz. ESIMS spectra were obtained on a Bio

TOF IIIQ mass spectrometer. Optical rotations were record

on Perkin Elmer 341 automatic polarimeter at 20�C.

Column chromatography (CC) was performed on self-

packed open column with silica gel (200–300 mesh) from

Qingdao Ocean Chemical Engineering Company

(QOCEC). TLC analyses were carried out on plates

precoated with 10–40 l of silica gel GF254 from QOCEC

and were visualized under an ultraviolet lamp, by spraying

8% phosphomolybdic acid-ethanol solution (w/v), 5%

vanillin-H2SO4 (w/v), or ninhydrin solution followed by

heating, or by iodine (I2).

All reagents were purchased commercially and used

without purification. Anhydrous solvents were prepared

according to the standard protocols for purification of

laboratory chemicals (Armarego and Chai 2003).

Preparation of Boc-Cys-OMe (3a, R = Me, P = Boc)

Boc-Cys-OMe was prepared successfully from cysteine (1)

according to the reported procedures (Cowling 1975;

Threadgill and Gledhill 1989).

Preparation of Fmoc-Cys-OEt (3b, R = Et, P = Fmoc)

Fmoc-Cys-OEt was obtained from cystine (4) according to

the reported procedures (Benoiton 1968; Carpino and Han

1972; Krajewski et al. 2003; Kelleman et al. 2003; Swali

et al. 2002).

Preparation of Cbz-Cys-OEt (3c, R = Et, P = Cbz)

Cbz-Cys-OEt was successfully prepared by the reported

procedures from cystine (4) (Benoiton 1968; Olsen et al.

1985).

General procedures for the preparation

of L-b-haloalanine derivatives

The haloalanine derivatives (7) were prepared according to

Iranpoor et al. (2001) with some modifications. To the

solution of NXS (0.28 mmol) in anhydrous CH2Cl2 (5 mL)

was added Ph3P (84 mg, 0.32 mmol) with stirring at room

temperature. To this halogenating reagents mixture, N-

protected cysteine esters 3 (0.2 mmol) was added and the

reaction mixture was stirred at appropriate temperature (for

the exact temperature, see Table 1). After completion of

the reaction on the basis of TLC analysis, the reaction

mixture was filtered to remove the solid. The solvent of the

filtrate was evaporated under reduced pressure to give a

residue which was separated by flash chromatography over

silica gel using petroleum ether and ethyl acetate as eluent

to give the title compounds.

L-N-Boc-b-chloroalanine methyl ester (7a, entry 1 in

Table 1): white solid, m. p. 59–60�C, [a]D
20 = ? 39.2 (c 0.5,
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CHCl3) ([a]D
21= ? 37.8 (c 1.5, CHCl3) from Kenworthy

et al. 2004). 1H NMR (CDCl3): d 5.42 (1H, brs), 4.71 (1H,

m), 3.97 (1H, dd, J = 11.1, 2.0 Hz), 3.85 (1H, dd, J = 11.1,

2.8 Hz), 3.81 (3H, s), and 1.46 (9H, s). ESIMS (positive

mode): m/z 260 ([MCl
35 ? Na] ?) and 262 ([MCl

37 ? Na]?).

IR vmax: 3,436, 2,980, 1,716, 1,634, 1,508, 1,369, 1,167,

and 1,064 cm-1. The NMR data are in accordance with

those reported (Kenworthy et al. 2004).

L-N-Boc-b-bromoalanine methyl ester (7b, entry 2 in

Table 1): white solid, m. p. 48–50�C, [a]D
20 = ? 21.3 (c 1.3,

CHCl3). 1H NMR (CDCl3): d 5.40 (1H, brs), 4.75 (1H, m),

3.83 (1H, m), 3.80 (3H, s), 3.71 (1H, dd, J = 9.2, 3.0 Hz), and

1.46 (9H, s). ESIMS (positive mode): m/z 304 ([MBr
79 ? Na]?)

and 306 ([MBr
81? Na]?). IR mmax: 3,436, 2,928, 1,717, 1,632,

1,502, 1,369, and 1,166 cm-1. The NMR data are in accor-

dance with those reported (Savithri et al. 1996).

L-N-Fmoc-b-chloroalanine ethyl ester (7c, entry 3 in

Table 1): white solid, m. p. 126–127�C, [a]D
20 = ? 21.4 (c

0.2, CHCl3). 1H NMR (CDCl3): d 7.77 (2H, d, J = 7.7 Hz),

7.61 (2H, m), 7.43 (2H, m), 7.32 (2H, m), 5.72 (1H, d,

J = 7.3 Hz,), 4.75 (1H, m), 4.41 (2H, d, J = 7.2 Hz), 4.31

(2H, q, J = 7.1 Hz), 4.25 (1H, t, J = 7.2 Hz), 4.00 (1H, dd,

J = 11.4, 3.0 Hz), 3.91 (1H, dd, J = 11.4, 3.0 Hz), and 1.32

(3H, t, J = 7.1 Hz). 13C NMR (CDCl3): d 168.7, 155.6,

143.8, 143.6, 141.3, 127.8, 127.1, 125.1, 120.0, 67.4, 62.4,

54.9, 47.1, 45.3, and 14.1. ESIMS (positive mode): m/z 396

([MCl
35 ? Na]?) and 398 ([MCl

37 ? Na]?). IR vmax: 3,436,

3,315, 2,931, 1,748, 1,688, 1,529, 1,383, 1,345, 1,260, 1,215,

1,104, 1,032, and 736 cm-1. HRESIMS (positive mode):

calcd for C20H20ClNO4 m/z ([MCl
35 ? Na]?) 396.0973, found

396.0978, error -1.14 ppm.

L-N-Fmoc-b-bromoalanine ethyl ester (7d, entry 4 in

Table 1): white solid, m. p. 125–126�C, [a]D
20 = ? 38.8 (c

0.1, CHCl3). 1H NMR (CDCl3): d 7.77 (2H, d, J = 7.6 Hz),

7.61 (2H, d, J = 6.0 Hz), 7.41 (2H, t, J = 7.6 Hz), 7.33 (2H,

td, J = 7.3, 2.0 Hz), 5.71 (1H, d, J = 7.1 Hz), 4.79 (1H, t,

J = 4.0 Hz), 4.42 (2H, q, J = 7.2 Hz), 4.29 (3H, m), 3.84

(1H, dd, J = 10.4, 3.0 Hz), 3.76 (1H, dd, J = 10.4, 3.0 Hz),

and 1.33 (3H, t, J = 7.2 Hz). 13C NMR (CDCl3): d 168.8,

155.5, 143.8, 143.6, 141.3, 127.8, 127.1, 125.1, 120.0, 67.4,

62.4, 54.3, 47.1, 33.8, and 14.2. ESIMS (positive mode): m/z

440 ([MBr
79 ? Na]?) and 442 ([MBr

81 ? Na]?). IR vmax: 3,432,

3,327, 2,930, 1,728, 1,703, 1,538, 1,449, 1,277, 1,182, 1,153,

1,090, 1,031, and 756 cm-1. HRESIMS (positive mode):

calcd for C20H20BrNO4 m/z ([MBr
79 ? Na]?) 440.0468,

found 440.0467, error 0.26 ppm.

L-N-Cbz-b-chloroalanine ethyl ester (7e, entry 5 in

Table 1): white solid, m. p. 55–56�C, [a]D
20 = ? 32.8 (c 0.5,

CHCl3). 1H NMR (CDCl3): d 7.31–7.37 (5H, m), 5.68 (1H,

d, J = 5.8 Hz), 5.14 (2H, s), 4.74 (1H, t, J = 3.7 Hz), 4.27

(2H, q, J = 7.2 Hz), 3.99 (1H, dd, J = 11.0, 2.4 Hz), 3.89

(1H, dd, J = 11.0, 2.8 Hz), and 1.30 (3H, t, J = 7.2 Hz).
13C NMR (CDCl3): d 168.8, 155.6, 136.0, 128.6, 128.3,

128.1, 67.3, 62.3, 54.9, 45.3, and 14.1. ESIMS (positive

mode): m/z 308 ([MCl
35 ? Na]?) and 310 ([MCl

37 ? Na]?).

IR vmax: 3,331, 2,978, 2,926, 1,746, 1,693, 1,527, 1,350,

1,329, 1,269, 1,219, 1,074, 1,038, 923, 780, 733, 697, 582,

and 522 cm-1. HRESIMS (positive mode): calcd for

C13H16ClNO4 m/z ([MCl
35 ?Na]?) 308.0660, found

308.0649, error 3.58 ppm.

L-N-Cbz-b-bromoalanine ethyl ester (7f, entry 6 in

Table 1): white solid, m. p. 68–69�C, [a]D
20 = ? 43.2 (c 0.7,

Table 1 Coversion of the mercapto group to halo groups by triphenylphosphine/N-halosuccinimides

HS OR
N

O

PH
3

X OR
N

O

PH
7

Ph3P, NXS, CH2Cl2

Entry Substrate 3 Product 7 Reaction time (h) Reaction temperature Isolated yield (%)

R P R P X

1 Me Boc Me Boc Cl 12 r. t. 83.0

2 Me Boc Br 6 r. t. 39.0a

3 Et Fmoc Et Fmoc Cl 48 r. t. 80.0

4 Et Fmoc Br 22 r. t. 71.0b

5 Et Cbz Et Cbz Cl 4 Reflux 84.7

6 Et Cbz Br 12 Reflux 76.2b

a This low isolated yield may be due to the instability of N-Boc-bromoalanine in the process of separation over silica gel
b The large protection group such as Fmoc may decrease the lability of bromoalanine on silica gel (Couturier et al. 2006), thus the yields of

Fmoc or Cbz-protected bromoalanine are higher than that of Boc-protected bromoalanine
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CHCl3). 1H NMR (CDCl3): d 7.32–7.37 (5H, m), 5.68 (1H,

d, J = 6.0 Hz), 5.14 (2H, s), 4.78 (1H, t, J = 3.7 Hz), 4.27

(2H, q, J = 6.6 Hz), 3.83 (1H, dd, J = 10.8, 3.1 Hz), 3.75

(1H, dd, J = 10.8, 3.1 Hz), and 1.31 (3H, t, J = 6.6 Hz).
13C NMR (CDCl3): d 168.8, 155.6, 136.0, 128.6, 128.3,

128.1, 67.3, 62.4, 54.3, 33.8, and 14.2. ESIMS (positive

mode): m/z 352 ([MBr
79 ? Na]?) and 354 ([MBr

81 ? Na]?).

IR vmax: 3,337, 2,977, 2,915, 1,743, 1,693, 1,525, 1,367,

1,348, 1,319, 1,217, 1,074, 1,034, 779, 738, 697, 577, and

490 cm-1. HRESIMS (positive mode): calcd for

C13H16BrNO4 m/z ([MBr
79 ? Na]?) 352.0155, found

352.0155, error -0.06 ppm.

Results and discussion

The key intermediate 3, N-protected L-cysteine esters, can

be obtained from L-cysteine (1) or L-cystine (4), respec-

tively (Routes A and B, Scheme 1). Based on the known

procedure of Cowling, esterification of L-cysteine cata-

lyzed by HCl (gas) in methanol offers the amino ester 2 in

high yield (Cowling 1975). The amino group of 2 was

protected in high yield according to Threadgill et al.

(Threadgill and Gledhill 1989) to offer the desired pro-

tected L-cysteine esters 3 (Route A, Scheme 1). The N-

protected L-cysteine esters 3 also can be prepared from L-

cystine (4) (Route B, Scheme 1). Esterification of 4 affords

the desired product 5 in high yields (Benoiton 1968). N-

Cbz-protected 6 was obtained from 5 based on the proce-

dure of Benoiton (1968). Whereas Fmoc-protected 6 was

prepared from 5 based on the reported procedures (Carpino

and Han 1972; Krajewski et al. 2003; Kelleman et al. 2003;

Swali et al. 2002). Reduction of the disulfide ether 6 gave

the expected N-protected L-cysteine esters 3 in high yields

(Olsen et al. 1985).

With the protected L-cysteine esters 3 in our hands, we

tried the functional group transformation from mercapto

group to halo groups using the known halogenating reagents

mentioned above. The protected L-cysteine ester 3a

(R = OMe, P = Boc) was reacted with different haloge-

nating reagents. To our surprise and delight the halogenated

L-alanine 7a (R = OMe, P = Boc) was obtained in high

yield using the complex of triphenylphosphine/N-halosuc-

cinimides as halogenating reagent (entry 1, Table 1). The

optical rotation of 7a was in good agreement with the pub-

lished value, which suggested that no racemization happened

in the reaction and work-up processes. To expand and vali-

date this functional group transformation, the L-cysteine

esters 3 with various protected groups were prepared in high

yields. All these protected L-cysteine esters 3 were converted

to corresponding halogenated alanine derivatives 7 in high

yields (entries 1 and 3–6, Table 1) except in the case of entry

2 (Table 1). This low isolated yield of entry 2 may be due to

the instability of bromoalanine bearing a small protection

group in the process of separation over silica gel (Couturier

et al. 2006). The results suggested that the complex of

triphenylphosphine/N-halosuccinimides is a useful haloge-

nating reagent and this method has been proved to be a

versatile desulfurization strategy via this functional group

transformation.

In summary, we herein reported an alternative approach

to L-b-haloalanine derivities from L-cysteine or L-cystine,

respectively. The mercapto group of protected L-cysteine

esters was efficiently transformed to halo groups by tri-

phenylphosphine/N-halosuccinimides in high yields. It has

been proved to be a versatile desulfurization strategy via

this functional group transformation.
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