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The catalytic enantioselective fluorination and amination of

-keto phosphonates catalyzed by chiral palladium complexes is described. Treatment

of B-keto phosphonates with ~ N-fluorobenzenesulfonimide (NFSI) as electrophilic fluorinating reagent and diethyl azodicarboxylate (DEAD) as

electrophilic amination reagent under mild reaction conditions afforded the corresponding

excellent yields with excellent enantiomeric excesses.

o-substituted  f-keto phosphonates in moderate to

Chiral organofluorine compounds containing a fluorine atom

substrates with a chiral palladium complex and reported

bonded directly to a stereogenic center have been utilizedexcellent enantioselection (894% ee). Although there have
in studies of enzyme mechanisms and as intermediates inbeen several reports for the asymmetric synthesisfbioro

asymmetric synthesésThe development of effective meth-
odologies for the preparation of new selectively fluorinated,
stereochemically defined compounds is critical to further
advances of fluorine chemistfyUntil now, a number of
enantioselective fluorination of-keto esters have been

B-keto esterd? synthetic methods toward chiral-fluoro-
alkylphosphonates are limitédx-Fluoroalkylphosphonates
are better mimics of natural phosphateith matched second
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achieved by reagent-controlled and catalytic enantioselectiveTetrahedronl999 55, 12431-12477. (c) Mikami, K.; Itoh, Y.; Yamanaka,

fluorination?® Recently, the efficient example of a catalytic
enantioselective fluorination gi-keto esters was reported
by Sodeoka et & They examined the reaction of several
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pKa values? Recently, reported enzyme kinetic data on the

a-fluoroalkylphosphonates suggest that the stereochemistry pie 1. Optimization of the Reaction Conditions

of the a-carbon does affect enzyme bindihg.

o-Amino phosphonic acids and their derivatives are
important compounds as surrogates and analoguesaafi-
no acids® Thus, the enantioselective synthesisoemino

phosphonates has received considerable attention, and nu-

merous methods using stoichiometric amounts of chiral
auxiliaries were reportetiHowever, there are few catalytic

enantioselective methods available to access this class of 1

compoundg? As part of a research program related to the
development of synthetic methods for the enantioselective
construction of stereogenic carbon centéige have recently
reported the catalytic enantioselective fluorinationafyano
acetates promoted by chiral palladium compleXe this
paper, we wish to report the catalytic enantioselective
electrophilic fluorination and amination @gfketo phospho-

nates using palladium complex&¥ and2.3
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a: Ar =Ph: (R)-BINAP
b: A = 4-methylphenyl: (R)-Tol-BINAP
¢: Ar = 3,5-dimethylphenyl: (R)-Xylyl-BINAP

To determine suitable reaction conditions for the catalytic
enantioselective fluorination gkketo phosphonates, we first
examined electrophilic fluorination gi-keto phosphonate
3awith N-fluorobenzenesulfonimide (NFSI) in the presence
of 5 mol % oflain EtOH at room temperature (Table *£).
Catalystla (X = BF,4, Sbk) was more effective than the
other catalysiia (X = OTf, PK) (entries +-4). Concerning
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7 9 PhSO, o 9
P(OEt), | R Pd-cat. ..P(OEY),
PhSO, rt F
3a NFSI 4a
entry catalyst (X) solvent time (h) yield (%) ee® (%)
1a (OTDH EtOH 20 46 73
2 1a (BFy) EtOH 8 77 89
3 1a (SbFe) EtOH 10 87 89
4 1a (PFg) EtOH 10 24 69
5 1a (SbFg) MeOH 6 96 89
6 1a (SbFg) acetone 13 86 89
7 la (SbF¢) THF 13 92 87
8 1a (SbFg) DMF 13 21 45
9 1a (SbFg) CH,Cl, 15 34 75
10 1a (SbFg) PhMe 15 36 81
11 1a (SbFg) MeCN 20 29 45
126 1a (SbFs) MeOH 6 37 75
13¢ 1a (SbFg) MeOH 22 47 43
14 1b (BFy) MeOH 8 96 91
15 1b (SbFs) MeOH 9 96 91
16 1c (BFy) MeOH 8 93 97
17 1c (SbFe) MeOH 9 95 95
184 2b (PFg) MeOH 11 64 89
19¢ 2¢ (PFg) MeOH 11 59 95
20¢ 1c (BFy) MeOH 10 64 96
217 1c (BFy) MeOH 33 36 93

a Enantiomeric excess determined by chiral HPLC using a Chiralpak AD
column.? Reaction carried out at-20 °C. ¢ Reaction carried out using
Selectfluor as fluorinating reagentReaction carried out using 2.5 mol %
of catalyst.¢ Reaction carried out using 1.0 mol % of cataly€l.1 mol %
of catalyst.

the solvent, the use of alcoholic solvents, acetone, and THF
gave the best results, whereas the fluorination in DMF,-CH
Cly, PhMe, and CECN led to lower yields and enantio-
selectivities (entries 3 and 5—11).

Lowering the temperature te-20 °C with catalystla
(X = Sbk) decreased the yields and enantioselectivities
(entry 12). NFSI was a more effective fluorinating agent than
Selectfluor in this reaction under the same conditions (entries
5 and 13). To improve the enantioselectivity, we examined
a series of chiral diphosphine ligands. The substitutions at
the meta positions of the aryl group on phosphine were found
to be important. When (RXylyl-BINAP (1c, X = BF,) was
used, the enantioselectivity was improved to 97% ee (entry
16). Decreasing the catalyst loading to 1.0 and 0.1 mol %
showed a significant decrease in yields and slightly decreased
the enantioselectivities (entries 16, 20, and 21).

To examine the generality of the catalytic enantioselective
fluorination of f-keto phosphonate8 by using chiral
palladium complexic (X = BF;), we studied the fluorination
of cyclic and acyclig3-keto phosphonate derivativ8b—p.

(13) Prior to submission of this manuscript, chiral Pd complex and
Zn(Il)-bis(oxazoline) catalyzed fluorinations were reported: (a) Hamashima,
Y.; Suzuki, T.; Shimura, Y.; Shimizu, T.; Umebayashi, N.; Tamura, T.;
Sasamoto, N.; Sodeoka, Metrahedron Lett2005,46, 1447—1450. (b)
Bernardi, L.; Jorgensen, K. AChem. Commur2005, 1324—1325.
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Table 2. Catalytic Enantioselective Fluorination gfKeto
Phosphonates

0 9 cat.1¢ (X=BFy) [o] 9
3 (5 mol%) ._POR?
R’*(P(OR 2, \rg —— —— R‘)J\2< (OR’),
R2 it R®°F
3a-p 4a-p
P(OR3)2 P(OEl)z P(0E1>z P(OEt)2
/ / / / 2
a:R°=Et,R*=H 3f:R*=H 3h:n=0 3j:R' = Ph, R?= Me
3b:R¥=Me,R*=H 3g:R'=56-(OMg), 3i:n=1 3k : R' = 4-Cl-CgHg, R? = Me
3¢:R*=iPr, R*=H 31:R" = 4-NO»CgHs, R2= Me

3m : R' = 4-OMe-CgHsg, R? = Me
3n:R'=Ph RZ=Bn
30:R'=Et R?=Me
3p:R'=-CH=CHMe, R? =

3d:
3e:

R®=Et, R*= 57-Me,
R®= Et, R* = 6-OMe

Me

entry [(-keto phosphonate solvent time (h) yield (%) ee® (%)

1 3a MeOH 8 93 97
2 3b MeOH 6 89 93
3 3c MeOH 23 91 95
4 3d MeOH 12 84 95
5 e MeOH 10 92 95
6 3f MeOH 3 91 97
7 3g MeOH 11 86 95
8 3h MeOH 45 67 95
9 3i MeOH 86 73 95
10 3j THF 94 62 91
11 3k THF 94 68 91
12 31 THF 90 78 87
13 3m THF 78 61 91
14 3n THF 86 50 91
15 3o THF 90 65 87
16 3p THF 58 79 93

a Enantiopurity of4 was determined by HPLC analysis with Chiralcel
OD-H (for 4i), OJ (for4m), and Chiralpak AD columns.

Table 3. Catalytic Enantioselective Amination gtKeto

Phosphonates
29
..P(OR"),
NCO,Et
NHCO,Et

Pd-cat.
(2.5 mol %)
s

rt

LCO,Et

2 9
N
EtO,C

3f:R' =Et 5 6a:R'=Et
3q:R'=Me 6b:R' =Me
3r:R'=iPr 6c:R'=iPr
B-keto
entry phosphonate cat.® solvent time (h) yield (%) ee® (%)

1 3f lac THF 18 6a, 62 91
2 3f 2¢ THF 17 6a, 94 98
3 3f 2¢ MeOH 20 6a, 51 99
4 3f 2¢ acetone 20 6a, 92 929
5 3q 2¢  acetone 35 6b, 81 99
6 3r 2c¢ acetone 60 6¢c, 68 99

aX = BF4. P Enantiomeric excess determined by chiral HPLC using
Chiralhyun-Leu-1 (for6a) and Chiralpak AD (fo6b and6c) columns.5
mol % of catalyst.

temperature (Table 35.In the presence of 5 mol % of
catalystla (X = BFy), the reaction proceeded to afford the
o-aminated produc6a after 18 h with 91% ee (Table 3,
entry 1). In the case of 2.5 mol % of catalyst (X = BF,),

the enantioselectivity was improved up to 99% ee in acetone
(entries 3 and 4).

In summary, we have accomplished the efficient catalytic
enantioselective electrophilic-fluorination of variousgs-keto
phosphonates with excellent enantioselectivity{87% ee)
with catalyst1c (X = BF4) and highly enantioselective
electrophilic o-amination of s-keto phosphonates with
catalyst2c (X = BF,) up to 99% ee. Studies into substrate
variation allowing access to libraries ofamino phospho-

As can be seen by the results summarized in Table 2, thenates, and the mechanistic elucidation and scope of these

corresponding-fluoro 3-keto phosphonateswere obtained

in moderate to excellent yields and excellent enantioselec-

tivities (87—97% ee). Acyclics-keto phosphonate3j—p

enantioselectivea-fluorinations ando-aminations are in
progress, and results will be reported in due course.

were successfully employed, and the desired fluorinated ~Acknowledgment. This research was supported by a
products were obtained in moderate to excellent yields and Korea Research Foundation Grant (KRF-2003-015-C00359).

excellent enantioselectivities in THF.

We examined the catalytic enantioselective electrophilic
aminatio* of -keto phosphonatgf with diethyl azodicar-
boxylate (5) using palladium complexdsand 2 at room

(14) For catalytic enantioselective amination gfketo esters, see:
Marigo, M.; Juhl, K.; Jorgensen, K. AAngew. Chem., Int. E®003,42,
1367-1369. (b) Pihko, P. M.; Pohjakallio, ASynlett2004 12, 2115-
2118. (c) Saaby, S.; Bella, M.; Jorgensen, K.JAAm. Chem. So004,
126, 8120—8121. (d) Ma, S.; Jioa, N.; Zheng, Z.; Ma. Z.; Lu, Z.; Ye, L.;
Deng, Y.; Chen, GOrg. Lett.2004,6, 2193-2196.
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Supporting Information Available: Typical experimen-
tal procedures and spectral data for all new compounds. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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