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The direct chiral Lewis acidic enantioselective chlorination and

fluorination of b-keto phosphonates is presented; the chlorina-

tion proceeds in high yields and with up to 94% ee using NCS

as the chloro source, while the fluorination with (PhSO2)2NF

(NFSI) gives the optically active a-fluoro-b-keto phosphonates

in moderate to good yields and with up to 91% ee.

The stereoselective introduction of halogens into compounds of

biological importance, such as amino acids and their derivatives

as well as other bioactive compounds, might have beneficial

properties in terms of e.g. enhanced chemical stability, increased

intrinsic activity and improved metabolic stability.1 Furthermore,

organic compounds having the C–X (X 5 halogen) bond attached

to a chiral stereocenter are of great importance as versatile

synthetic intermediates.

The importance of these optically active organic compounds

having C–X bonds has led to an increased interest in the

development of stereocontrolled syntheses of these compounds.1a

For the formation of a stereogenic C–F centre using a catalytic

enantioselective electrophilic halogenation approach, the focus

has been mainly on 1,3-dicarbonyl compounds.2 The catalytic

enantioselective electrophilic chlorination and bromination have

also been developed for 1,3-dicarbonyl compounds such as b-keto

esters using chiral Lewis acids as catalysts,3 and cinchona alkaloids

are excellent catalysts for the tandem halogenation/esterification of

acyl halides leading to optically active versatile a-haloesters.4 Very

recently the direct organocatalytic a-chlorination of aldehydes5a,b

and ketones5c giving the corresponding optically active a-chloro

carbonyl compounds with very high enantiomeric excesses was

presented.

The interest in the biological activity of phosphonic acids and

related compounds has grown tremendously in recent years.

Phosphonates have been considered in many instances as

analogues of naturally occurring phosphates, with enhanced

metabolic stability.6 The tetrahedral phosphonic acid moiety can

also in some cases replace a planar and less bulky carboxylic acid,

and e.g. optically active a-amino phosphonic acids have been

widely used as surrogates of a-amino acids, both as single units, or

incorporated into peptides in an attempt to mimic the tetrahedral

transition state of enzyme-mediated peptide hydrolysis.7

In this paper we will present the first catalytic enantioselective

chlorination and fluorination of b-keto phosphonates using

N-chlorosuccinimide (NCS) and N-fluorobenzenesulfonimide

(NFSI) as the chlorination and fluorination reagents, respectively,

leading to the corresponding optically active a-chloro/a-fluoro

b-keto phosphonates in high enantiomeric excesses [eqn. (1)].8

a-Halogenated phosphonates are potentially better ‘‘isosteric and

isopolar’’ mimics of phosphates than the corresponding simple

phosphonates bearing a methylene group.9 Parameters that favor

a-fluorophosphonates in particular are reduced pKa2, increased

polarity and the possibility for C–F…H–X hydrogen bonding.9d,10

ð1Þ

We started our investigation by screening ligands and Lewis

acids as catalysts for the enantioselective chlorination of (1-methyl-

2-oxo-2-phenyl-ethyl)phosphonic acid diethyl ester 1a with NCS

2a. The screening revealed that the tridentate ligands (R,R)-4,5-

dibenzofurandiyl-2,29-bis(4-phenyloxazoline) (Ph-DBFOX)11 4a

and phenyl-substituted 2,6-bis(oxazolinyl)-pyridines (PyBOX)12

4b,d were the best ligands of those investigated. In combination

with Zn(II), Sc(III) and Cu(II), the optically active (1-chloro-1-

methyl-2-oxo-2-phenyl-ethyl)phosphonic acid diethyl ester 3a

[eq. (2)] could be obtained in high yield and enantiomeric excess.

Table 1 shows some representative screening results.
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Table 1 Catalytic enantioselective chlorination of (1-methyl-2-oxo-2-
phenyl-ethyl)phosphonic acid diethyl ester 1a with NCS 2a catalyzed
by different chiral ligands and Lewis acids in CH2Cl2 at room
temperature

Entry Ligand Lewis acid Reac. time (h) Conv. (%) Eea (%)

1 4a Zn(OTf)2 20 .95 74
2 4a Zn(SbF6)2 20 .95 92
3 4b Sc(OTf)3 1 .95 75
4 4b Zn(OTf)2 20 25 Rac.
5 4c Sc(OTf)3 5 95 Rac.
6 4d Sc(OTf)3 20b .95 91c

7 4e Zn(OTf)2 20 .95 45
8 4e Cu(OTf)2 20 .95 64
a Enantiomeric excess measured by chiral stationary phase HPLC.
b Reaction temperature 0 uC. c THF was used as the solvent.

(2)
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A number of different combinations of chiral ligands and Lewis

acids can catalyze the chlorination of (1-methyl-2-oxo-2-phenyl-

ethyl)phosphonic acid diethyl ester 1a by NCS. From the results

presented in Table 1 it appears that both the Ph-DBFOX 4a and

PyBOX ligands 4b,d in combination with Zn(SbF6)2 and Sc(OTf)3,

gave the optically active (1-chloro-1-methyl-2-oxo-2-phenyl-ethyl)-

phosphonic acid diethyl ester 3a in up to 92% ee (entries 2, 3, 6).

The influence of the substituents at the chiral centers in the PyBOX

ligands on the enantioselectivity should be noted. The PyBOX

ligand 4b with two phenyl substituents and Sc(OTf)3 as the Lewis

acid gave 3a with 75% ee (entry 3), while PyBOX 4c with two

tert-butyl substituents provided 3a as a racemate (entry 5). The

introduction of two stereogenic centers in the PyBOX ligand (4d)

improved the enantioselectivity to 91% ee at 0 uC (entry 6). The use

of the bidentate chiral bisoxazoline ligand 4e and Zn(OTf)2 or

Cu(OTf)2 as the Lewis acids, gave also 3a with high conversion;

however, the enantioselectivity was only moderate (entries 7, 8)

compared to the tridentate ligands.

As shown in Table 2 we have extended the catalytic enantio-

selective chlorination to a series of b-keto phosphonates 1a–f, and,

furthermore, we will show that the catalytic system can also be

applied for the enantioselective fluorination of the same substrates

(Scheme 1).

The Ph-DBFOX-Zn(SbF6)2 is an effective catalyst for the

enantioselective chlorination. The acyclic b-keto phosphonates

having both aromatic and alkyl substituents in the b-position

(1a–e) are converted into the corresponding optically active

a-chloro b-keto phosphonates 3a–e in high yields and enantio-

selectivities. The enantioselectivity is slightly dependent on the

ester substituent, (1-methyl-2-oxo-2-phenyl-ethyl)phosphonic acid

diethyl ester 1a gives 92% ee of 3a (entry 1), while the similar

methyl ester (3b) is formed with 78% ee (entry 2). For the b-keto

phosphonates having an allyl substituent in the a-position (entry 3),

as well as an aryl or a methyl substituent at the b-position

(entries 4, 5), excellent enantioselectivities of 3c–e – 92–94% ee are

obtained. The cyclic b-keto phosphonate 1f can also be chlorinated

in the a-position with the same good enantioselectivity, however,

the yield is lower compared to the acyclic substrates (entry 6).

The catalytic enantioselective fluorination of the b-keto

phosphonates 1a–f by NFSI 2b using a Ph-DBFOX-Zn(II) catalyst

also proceeds well (Table 2). Noteworthy, for the fluorination

reaction a more simply prepared catalyst formed by a combination

of Zn(ClO4)2?6H2O and Ph-DBFOX (4a) in the presence of 4Å

molecular sieves could be used with comparable results. The yields

obtained when the reaction is performed at room temperature are

slightly lower compared to the chlorination reactions. However,

the enantiomeric excesses of the a-fluoro b-keto phosphonates

5a–d,f are as high as for the a-chloro b-keto phosphonates. For

the acyclic a-fluoro b-keto phosphonates (5a–d), the enantio-

selectivities are in the range of 70–91% ee (entries 1–4), while the

cyclic b-keto phosphonate 1f gives the fluorinated product 5f in

91% ee (entry 6). The yields of the optically active a-fluoro-b-keto

phosphonates (5a–c) could be improved significantly to 86%, 77%

and 91%, respectively, simply by performing the reaction at reflux

in CH2Cl2, without affecting the enantioselectivities (entries 1–3).

In summary, we have developed the first catalytic enantioselec-

tive chlorination and fluorination of b-keto phosphonates. This

reaction proceeds well for both acyclic and cyclic b-keto

phosphonates giving the corresponding optically active a-chloro

and a-fluoro b-keto phosphonates, respectively, in high yields

and enantioselectivities using a (R,R)-4,5-dibenzofurandiyl-2,29-

bis(4-phenyloxazoline)-Zn(II) catalyst.
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K. Muñiz, Angew. Chem. Int. Ed., 2001, 40, 1653; (c) G. Thomas,
Medicinal Chemistry: An Introduction, Wiley, New York, 2000.

2 (a) L. Hintermann and A. Togni, Angew. Chem. Int. Ed., 2000, 39, 4359;
(b) L. Hintermann, D. Broggini and A. Togni, Helv. Chim. Acta, 2002,
85, 1597; (c) R. Frantz, L. Hintermann, M. Perseghini, D. Broggini and
A. Togni, Org. Lett., 2003, 5, 1709; (d) Y. Hamashima, D. Hotta and
M. Sodeoka, J. Am. Chem. Soc., 2002, 124, 11240; (e) Y. Hamashima,
H. Takono, D. Hotta and M. Sodeoka, Org. Lett., 2003, 5, 3225; (f)
D. Y. Kim and E. J. Park, Org. Lett., 2003, 5, 1709; (g) J.-A. Ma and
D. Cahard, Tetrahedron: Asymmetry, 2004, 15, 1007; (h) J.-A. Ma and
D. Cahard, J. Fluorine Chem., 2004, 125, 1357; (i) N. Shibata,
T. Ishimaru, T. Nogai, J. Kohno and T. Toru, Synlett, 2004, 1703.

3 (a) L. Hintermann and A. Togni, Helv. Chim. Acta, 2000, 83, 2425; (b)
M. Marigo, N. Kumaraguruburan and K. A. Jørgensen, Chem. Eur. J.,
2004, 10, 2133; (c) H. Ibrahim, F. Kleinbeck and A. Togni, Helv. Chim.
Acta, 2004, 87, 605; (d) see also: Y. Zhang, S. Shibatomi and
H. Yamamoto, J. Am. Chem. Soc., 2004, 126, 15308.

4 (a) H. Wack, A. E. Taggi, A. M. Hafez, W. J. Dury, III and T. Lectka,
J. Am. Chem. Soc., 2001, 123, 1531; (b) A. M. Hafez, A. E. Taggi,
H. Wack, J. Esterbrook and T. Lectka, Org. Lett., 2001, 3, 2049; (c)
S. France, H. Wack, A. E. Taggi, A. M. Hafez, T. R. Wagerle,

Table 2 Catalytic enantioselective chlorination and fluorination of
b-keto phosphonates 1a–f with NCS 2a and NFSI 2b, catalyzed by
Ph-DBFOX-Zn(SbF6)2 and Ph-DBFOX-Zn(ClO4)2 respectively, in
CH2Cl2 at room temperature

Entry R1 R2 R3

Chlorination (2a) Fluorination (2b)

Yielda (%) Eeb (%) Yielda (%) Eeb (%)

1 Ph Me Et 3a – 98 92 5a – 59 (86)c 89 (88)c

2 Ph Me Me 3b – 97 78 5b – 46 (77)c 70 (70)c

3 Ph Allyl Et 3c – 93 92 5c – 41 (91)c 91 (90)c

4 2-Np Me Et 3d – 97 93 5d – 71 89
5 Me Me Et 3e – 80 94 — —
6 –(CH2)3– Et 3f – 40 80 5f – 38 91
a Isolated yield. b Enantiomeric excess measured by chiral stationary
phase HPLC or GC. c Results in brackets refer to reaction
performed at reflux temperature.

Scheme 1 Catalytic enantioselective chlorination and fluorination of

b-keto phosphonates.

This journal is � The Royal Society of Chemistry 2005 Chem. Commun., 2005, 1324–1326 | 1325



M. H. Shah, C. L. Dusich and T. Letcka, J. Am. Chem. Soc., 2004, 126,
4245.

5 (a) M. P. Brouchu, S. P. Brown and D. W. C. MacMillan, J. Am. Chem.
Soc., 2004, 126, 4108; (b) N. Halland, A. Braunton, S. Bachmann,
M. Marigo and K. A. Jørgensen, J. Am. Chem. Soc., 2004, 126, 4790; (c)
M. Marigo, S. Bachmann, N. Halland, A. Braunton and
K. A. Jørgensen, Angew. Chem. Int. Ed., 2004, 43, 5507.

6 (a) R. Engel, Chem. Rev., 1977, 77, 349; (b) D. F. Wiemer, Tetrahedron,
1997, 53, 16609.

7 See e.g.: (a) P. Kafarski and B. Lejczak, Phosphorus, Sulfur Silicon Relat.
Elem., 1991, 63, 193; (b) V. Gouverneur and M. N. Lalloz, Tetrahedron
Lett., 1996, 37, 6331; (c) for examples of naturally occurring, and
applications of different a-amino phosphonates/phosphonic acids see:
Aminophosphonic and Aminophosphinic Acids, Chemistry and Biological
Activity, ed. V. P. Kukhar and H. R. Hudson, John Wiley & Sons,
New York, 2000.

8 For the formation of racemic fluoro esters see e.g.: H.-J. Tsai,
A. Thenappan and D. J. Brown, J. Org. Chem., 1994, 59, 7085.

9 See e.g.: (a) M. G. Blackburn, Chem. Ind. (London), 1981, 134; (b)
D. J. Burton, Z.-Y. Yang and W. Qiu, Chem. Rev., 1996, 96, 1641; (c)
J. T. Welch, Fluorine in Bioorganic Chemistry, Wiley, New York, 1991;
(d) D. B. Berkowitz, M. Bose, T. J. Pfannenstiel and T. Doukov, J. Org.
Chem., 2000, 65, 4498 and references therein.

10 See e.g.: (a) D. O’Hagan and H. S. Rzepa, Chem. Commun., 1997, 645;
(b) L. Chen, L. Wu, A. Otaka, M. S. Smyth, P. P. Roller, T. R. Burke,
J. den Hertog and Z.-Y. Zhang, Biochem. Biophys. Res. Commun., 1995,
216, 976; (c) G. R. J. Thatcher and A. S. Campbell, J. Org. Chem.,
1993, 58, 2272; (d) J. D. Dunitz and R. Taylor, Chem. Eur. J., 1997,
3, 89.

11 S. Kanemasa, Y. Oderaotoshi, S.-i. Sakaguchi, H. Yamamoto,
J. Tanaka, E. Wada and D. P. Curran, J. Am. Chem. Soc., 1998, 120,
3074.

12 (a) H. Nishiyama, H. Sakaguchi, T. Nakamura, M. Horihata,
M. Kondo and K. Itoh, Organometallics, 1989, 8, 846; (b)
G. Desimoni, G. Faita and P. Quadrelli, Chem. Rev., 2003, 103,
3119.

1326 | Chem. Commun., 2005, 1324–1326 This journal is � The Royal Society of Chemistry 2005


