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ABSTRACT

Allylic acetates, formed by the acetylation of Baylis Hillman adducts, undergo addition of phosphorus nucleophiles to give stereoselectively
the Z-unsaturated esters. TFA cleavage of the tert -butyl ester and asymmetric hydrogenation of the unsaturated acid yields the phosphono
alkyl propanoic acid moiety, commonly found in phosphonate- and phosphinate-based enzyme inhibitors.

The tetracoordinate phosphoryl group is well recognized as
an excellent mimic for the tetrahedral transition state of ester
and amide hydrolysis.1 Thus, phosphonates have become
increasingly common in the development of tools for
biological investigations, and in the generation of lead
compounds for the pharmaceutical industry.2 More recently,
phosphinic acids [RR′P(O)OH] have also become popular
targets as mimics of tetrahedral transition states.3 Both
phosphonate-4 and phosphinate-based3 enzyme inhibitors
commonly contain a 2-alkylpropanoic acid as the carbon
substituent. The additional alkyl residue and resulting ste-
reocenter complicates the synthesis of these molecules and
often results in isomeric mixtures.5

In spite of the challenging syntheses, there are many
examples of phosphonate and phosphinate enzyme inhibitors

(Figure 1) that show very potent activity.3,4 The phosphorus
carbon bond in the 3-phosphono-2-alkylpropanoic acids is
typically formed by alkylation of a phosphorus nucleophile
with a Michael acceptor,3a,5but although the chemical yields
are good, there is generally little control of the newly formed
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stereocenter. This problem has been addressed to some extent
by using a chiral auxiliary on the Michael acceptor.3b,6

However, concern for the environment and a trend toward
“green” chemistry has led to the need for catalytic transfor-
mations.

Catalytic asymmetric hydrogenation is a powerful tool for
the introduction of stereocenters.7 Substituted itaconic acids
have been successfully and selectively hydrogenated to give
the corresponding 2-alkylsuccinates,8 which are structurally
similar to the 3-phosphono-2-alkyl propanoic acids of
interest. Therefore, it should be possible to form a phosphono
analogue of itaconic acid as a substrate for asymmetric
hydrogenation. Although we were concerned that the phos-
phoryl group might disrupt the appropriate coordination of
the metal complex to the substrate leading to lower selectivity
and slow reactions, successful examples of the hydrogenation
of phosphonate analogs of commonly used acid substrates
have been reported.9

Herein, we report a method to control the stereochemistry
of the alkylpropanoic acid side chains found in phosphonate
and phosphinate enzyme inhibitors via the asymmetric
hydrogenation of unsaturated precursors. The unsaturated
precursors are formed by the addition of a phosphorus
nucelophile [P(O)H moiety] to acetylated Baylis-Hillman
adducts.

Baylis-Hillman reaction of several aldehydes10 with
methyl ortert-butyl acrylate followed by acetylation11 of the

intermediate alcohol, gave the allylic acetates (1). Dialkyl
phosphites were selected as the model for compounds
containing the P(O)H group. Addition of dialkyl phosphites
to the acetylated Baylis-Hillman adducts (1) in refluxing
N,O-bis(trimethylsilyl)acetamide resulted in the formation
of the phosphono unsaturated esters12 (2) (Scheme 1, Table

1). With the exception of benzyl phosphite, the yields for
the addition-elimination reactions are generally good. The
corresponding carboxylic acids (3) were obtained by cleaving
the tert-butyl esters with TFA in CH2Cl2.

Phosphono esters (2a) was also prepared as mixture ofE
andZ isomers using a published method12a (Scheme 2), as
was the unsubsituted ester (2l). TheE isomer showed a signal
in the 1H NMR spectrum for the alkene hydrogen at 6.95
ppm and theZ isomer showed a signal at 7.75 ppm. This
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Figure 1. Examples of phosphonate and phosphinate enzyme
inhibitors.

Scheme 1. Synthesis of the Unsaturated Esters

Table 1. Addition of Phosphites to Allylic Acetates (1)

no. R1 R2 R3 yield (%) (2) yield (%) (3) Z/E ratio

2a Ph Me Me 76 Z only
2b Ph t-Bu Me 61 94 8:1
2c Ph t-Bu Et 73 Z only
2d Ph t-Bu Bn 27 Z only
2e Ph t-Bu i-Pr 57 Z only
2f 2-furyl t-Bu Me 70 97 16:1
2g p-MeO-C6H4 t-Bu Me 85 85 Z only
2h p-Cl-C6H4 t-Bu Me 58 96 Z only
2i p-F-C6H4 t-Bu Me 77 81 Z only
2j p-Br-C6H4 t-Bu Me 65 91 Z only
2k Me t-Bu Me 56 89 5:1
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clearly identified the product of phosphite addition to the
allylic acetate2 as theZ isomer. The alkene geometries were
assigned by NOE studies and confirmed in one example (2j)
by single-crystal X-ray diffaction studies on the fully
deprotected acid.13

In a 1995 patent, Talley reported the asymmetric hydro-
genation of some (phosphono) unsaturated esters (2) with a
rhodium dipamp complex. Hydrogenation of the parent
compound (2l, R1 ) H, R2 ) R3 ) Me) gave the saturated
ester with optical rotation ([R]D) of -8.8 (c) 2.6, MeOH).
The absolute configuration of the chiral center in the product
was assigned asS. No information in the levels of selectivity
or the stereochemistry of the products was reported for the
other examples given in the patent.14

The hydogenation of the parent unsaturated ester2l with
rhodium dipamp complex was repeated and the reported
value of the optical rotation for the product was confirmed.14

However, in our hands hydrogenation of the substitutedZ
phosphono-unsaturated ester (3a) with rhodium dipamp gave
low levels of selectivity (Table 2). Furthermore hydrogena-

tion of phosphonate (3a) (R1 ) Ph, R2 ) R3 ) Me) in THF
with rhodium complexes8,15 derived from several other
ligands, e.g., Bophoz8a,b, Mbpe,15a Tangphos,8c,15d and Me-
Duphos,15a,bgave saturated product with<3% enantiomeric
excess (HPLC analysis). Only Et-Duphos15a,bgave measur-

able levels of selectivity (Table 2). Neither changes in solvent
or hydrogen pressure showed much effect on the reaction
selectivity.

Since hydrogentation of unstaurated carboxylic acids is
generally more selective than the corresponding esters,8

reaction of the phosphono unsaturated acids were examined.
Unfortnately, hydrogenation of carboxylic acids (3) with
various chiral rhodium catalysts also gave less than satisfac-
tory results (Scheme 3, Table 3). The stereoselectivity of

hydrogenation improved upon addition of tributylamine to
the reaction mixture, but only to modest levels. After
hydrogenation, the saturated acids (5) were converted to the
corresponding methyl ester (4) by reaction with TMSCHN2
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801,261, 1998.

Scheme 3

Table 3. Asymmetric Hydrogenation of the Unstaurated
Carboxylic Acids Using Rh Catalyst

entry R1 R3 solvent ligand % eea

1 Ph Me MeOH Duphos 0
2 Ph Me MeOH, Bu3N Duphos 30
3 Ph Me MeOH ferrotane 1
4 Ph Me MeOH, Bu3N ferrotane 4
5 Ph Me MeOH, Bu3N Tangphos 52

a Enantiomeric excess determined by HPLC on the methyl ester 4.

Scheme 2. Synthesis ofE andZ Unsaturated Esters

Table 2. Asymmetric Hydrogenation of the Unsaturated Esters

no. R1 R2 R3 solvent ligand % eea

1 Ph Me Me MeOH Dipamp 7
2 Ph Me Me MeOH Duphos 0
3 Ph Me Me CH2Cl2 Duphos 34
4 Ph Me Me PhMe Duphos 15
5 Ph Me Me THF Duphos 35
6 Ph t-Bu Me MeOH Duphos 36
7 Ph t-Bu Me THF Duphos 42

a Enantiomeric excess determined by HPLC.
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and the methyl esters were analyzed by HPLC to determine
the selectivity.

Gratifyingly, hydrogenation of carboxylic acids (3) with
the ruthenium catalysts16 (A or B) in methanol and triethy-
lamine at 125 psi H2 gave the saturated acids with good to
high enantiomeric excess (Table 4, Scheme 3). The addition

of a tertiary amine base was critical for high enantiomeric
excess. The (R)-Cl-MeO-BIPHEP-Ru catalyst (complex B)
was more sective than the Binap-Ru catalyst (complex A).

To determine the absolute stereochemistry of the saturated
acids from hydrogenation, the commercially avialable opti-
cally pure (2R)-methyl 2-benzylsuccinic acid (6) was con-
verted into the corresponding phosphonate (4a). Bromode-
carboxylation (Hundsdiecker reaction) of the succinic acid
(6) using bromine and red mercuric oxide in methylene
chloride yielded the desired bromide7, albeit in very low
yield.17 Arbuzov reaction of the bromide7 with neat trimethyl
phosphite led to the formation of the saturated ester (4a),
again in low yield. This saturated ester had a postive rotation
([R]D) and an 86% enantiomeric excess of theS isomer
(HPLC). The saturated ester (4a) obtained by hydrogenation
using the (R)-Cl-MeO-BIPHEP-Ru catalyst (complex B)

showed a negative rotation and an 87% enatiomeric excess
of the oppositeR isomer (Scheme 4).

Similarly, methyl (S)-(+)-3-hydroxy-2-methylpropanoate
(8) was converted to the corresponding bromide (9) using
triphenylphosphine and bromine. Arbuzov reaction of the
bromide (9) with trimethyl phosphite gave the saturated
methyl ester (4l). This saturated ester had [R]D ) +8.19 (c
0.26, MeOH) which coresponded to the “R” isomer. The
saturated ester (4l) obtained by the hydrogenation using the
dipamap Rh-catalyst gave a negative rotation, which core-
sponded to the “S” isomer, confirming the early observations
by Talley for this compound.

In conclusion, 2-alkyl-3-phosphonopropanoic acids are
formed with high enantioselectivity by addition of phosphites
to acetylated Baylis-Hillman adducts, cleavage of thetert-
butyl ester and asymmertic hydrogenation with ruthenium
complexes.
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Table 4. Asymmetric Hydrogenation of Unsaturated
Carboxylic Acids Using Ru Catalyst

entry R1 R3 3, 4, 5 complex % eea

1 Ph Me a A 71
2 B 91
3 2-furyl Me f A 12
4 B 58
5 p-MeO-C6H4 Me g A 65
6 B 83
7 p-Cl-C6H4 Me h A 66
8 B 85
9 p-F-C6H4 Me i A 71

10 B 81
11 p-Br-C6H4 Me j A 62
12 B 80
13 Me Me k B 89

a Enantiomeric excess determined by HPLC on the methyl ester4.

Scheme 4. Determining the Absolute Configuration
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