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ABSTRACT

Cationic rhodium catalysts of the C2 symmetric DuPHOS (1) and BPE (2) ligands have demonstrated the ability to asymmetrically hydrogenate
a novel series of enol phosphonates (3) in good to excellent enantiomeric excess under mild conditions. Initial studies toward the catalytic
asymmetric hydrogenation of enamido phosphonates (6 and 7) using the DuPHOS−Rh+ catalysts are also reported.

R-Amino phosphonates andR-hydroxy phosphonates are
useful compounds for the inhibition of enzymes due to their
ability to mimic hydrolysis transition states.1,2 These func-
tionalities have been employed in compounds designed to
inhibit enzymes such as renin, EPSP synthase, and HIV
protease.3 The stereochemistry of theR-amino phosphonates

or R-hydroxy phosphonates can effect the enzyme inhibition,3b

thus providing the impetus for examining the asymmetric
synthesis of these compounds. Cationic rhodium catalysts
with DuPHOS (1) and BPE (2) ligands (Figure 1) have been
used to perform asymmetric hydrogenations on a wide variety
enamido4 and enol esters.4a,5 Herein we describe the first
catalytic asymmetric hydrogenation of a series enolbenzoate
phosphonates as well as some initial studies directed toward
the asymmetric hydrogenation of enamido phosphonates
using the DuPHOS-Rh and BPE-Rh catalysts. To date there
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Figure 1. The DuPHOS and BPE Ligands.
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have been two published examples of the catalytic asym-
metric synthesis ofR-hydroxy phosphonates.6 The catalytic
asymmetric synthesis ofR-amino phosphonates has received
recent attention, including asymmetric hydrogenation7 and
hydrophosphonylation8 strategies.

I. r-Hydroxy Phosphonates.Enolbenzoate phosphonate
substrates3 were readily synthesized as shown in Scheme
1. Acyl chlorides were treated with trimethyl phosphite to

form R-keto phosphonate intermediates9 which were then
reacted with benzoic anhydride and DBU to form enolben-
zoates 3 in yields that ranged from 43 to 86% after
purification. Only theE isomer of the olefin was observed
for 3b-h.10 To the best of our knowledge the enolbenzoate
phosphonates3 are novel.

To obtain optimum enantioselectivities for the asymmetric
hydrogenation of enolbenzoate phosphonates, the various
DuPHOS-Rh and BPE-Rh catalysts were screened against
model substrates3a-b. Reactions were carried out in
methanol with an initial hydrogen pressure of 4 atm and the
results are shown in Table 1. In the case of3a, Et-DuPHOS-
Rh (1b-Rh) provided the highest enantioselectivity. However,
when the hydrogenation of3b was attempted with Et-
DuPHOS-Rh, the conversion dropped to only 9% after 2
days. Hydrogenation of3b with Me-DuPHOS-Rh (1a-Rh)
and Me-BPE-Rh (2a-Rh) were then examined and Me-
DuPHOS-Rh effected complete conversion to4b after 48 h
with 86% ee.

It should be noted that the stereochemical sense of the
reduction is consistent with results obtained for the hydro-
genation of enamido esters4b and enol esters5 using these

catalysts. In the present case however, theR/Sassignment
is reversed by replacing a carboxylate ester with a phospho-
nate ester.

Pressure and solvent effects for catalytic asymmetric
hydrogenations can be quite dramatic in terms of reaction
rates and enantioselectivity.12 In the case of enolbenzoate
phosphonates, methanol was found to be the superior solvent
based on enantioselectivity and reaction rate (complete in
<12 h under the conditions given in Table 2). For the
hydrogenation of3a, ethanol, CH2Cl2, hexane, diethyl ether,
and DME yielded enantioselectivities above 90% using the
Et-DuPHOS-Rh catalyst but required more than 12 h to go
to completion. Performance of the hydrogenation reaction
with 3awas particularly poor in benzene and toluene. Recent
studies have shown that these aromatic solvents can form
stable complexes with the cationic DuPHOS-Rh catalysts in
solution and that some classes of substrates are slow to
displace the arene ligands thereby resulting in poor conver-
sions and compromised enantioselectivities.5,13The influence
of initial hydrogen pressure upon the asymmetric hydrogena-
tion of 3a was tested in a range of 1-6 atms. All reactions
were complete in less than 24 h with no observable effect
on the enantioselectivity. The effect of higher H2 pressure
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Scheme 1

Table 1. Ligand Optimization for the DuPHOS/
BPE-Rh-Catalyzed Asymmetric Hydrogenation of Enolbenzoate
Phosphonates3

subst R ligand conva % eeb configc

3a H (R,R)-2a 27 64 S-(-)
3a H (S,S)-1a 100 84 R-(+)
3a H (R,R)-1b 100 96 S-(-)
3a H (R,R)-1c 100 92 S-(-)
3a H (R,R)-1d 40 85 R-(+)
3b CH3 (R,R)-2a 45 60 S-(+)
3b CH3 (S,S)-1a 100 86 R-(-)
3b CH3 (R,R)-1b 9 ND ND

a Conversion determined by1H or 31P NMR. b Enantiomeric excess
determined by chiral HPLC on a Daicel Chiralcel OJ column for6a and a
Chiralpak OT column for4b.11 c Configuration assigned on the basis of
correlation between HPLC elution order, optical rotation, and catalyst
configuration relative to the known compound5.
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was not examined. However, in previous studies involving
the DuPHOS-Rh and BPE-Rh catalysts, only minor effects
on enantioselectivity were observed for the asymmetric
hydrogenation of other substrates at elevated H2 pressures
(up to 100 atm).4 The effect of temperature was not examined
for the reaction involving3.

Results of the catalytic asymmetric hydrogenation involv-
ing a series enolbenzoate phosphonates3 are shown in Table
2. For the aliphatic substituents, enantioselectivities were

good, ranging from 86 to 96%. The highest stereoselectivity
for the unsubstituted3a was obtained with Et-DuPHOS-Rh
catalyst. Alkyl-substituted enolbenzoate substrates3b-g
were reduced with optimum ee’s using the less bulky Me-
DuPHOS-Rh, consistent with the ligand optimization studies
shown in Table 1. In the case of the more sterically
demandingp-methoxyphenyl substituent on3h, the reaction
did not proceed with Me-DuPHOS-Rh but did go to partial
conversion using the less rigid Me-BPE-Rh catalyst after 2
days, although only modest enantioselectivity was observed.

The R-benzoyloxy phosphonates4 can be simply depro-
tected using K2CO3 in methanol at room temperature for 2

h to afford the correspondingR-hydroxy phosphonates5.
An example is shown in Scheme 2, where4d is converted
to the previously reported compound5d6a with no apparent
loss of optical purity.

II. r-Amino Phosphonates.N-acetyl andN-Cbz enamido
phosphonates6 and7a were synthesized as described in the
literature.14 A practical route to a variety of substituted
enamido phosphonates has yet to be demonstrated despite
several strategies published in the literature.7,14 Ligand
optimization studies were performed on theN-acetyl and
N-Cbz enamido phosphonates6 and7a. The Et-DuPHOS-
Rh catalyst provided optimum enantioselectivities for both
theN-acetyl6 andN-Cbz7aenamido phosphonate substrates
as illustrated in Table 3.

Ligand optimization reactions were performed in MeOH,
however, further studies of the solvent effects showed that
in the hydrogenation of7a using Et-DuPHOS-Rh,i-PrOH
gave a marginally higher ee (95%). Hydrogenation reactions
involving 7a did not proceed well in benzene and toluene,
presumably analogous to what was observed for the hydro-
genation of3a in these solvents.

Table 2. Enolbenzoate Phosphonates3 Hydrogenated with the
DuPHOS/BPE-Rh Catalystsa

a Conditions: [(ligand)Rh(COD)]OTf, S/C 125, MeOH, 4 atm H2, 25
°C, 12-48 h. b Enantiomeric excess determined by chiral HPLC on a Daicel
Chiralcel OJ column for6a, Chiralpak OT column for6b-f and a Chiracel
OB for 6h.11 c 57% conversion.

Scheme 2

Table 3. Ligand Optimization for the DuPHOS/
BPE-Rh-Catalyzed Asymmetric Hydrogenation ofN-acetyl6
andN-Cbz7 Enamido Phosphonates

subst R ligand conva % eeb configc

6 Ac (S,S)-1a 100 93 R-(-)
6 Ac (S,S)-1b 100 95 R-(-)
6 Ac (S,S)-1c 90 68 R-(-)
6 Ac (R,R)-1d 6 ND ND
7a Cbz (S,S)-2a 88 88 R-(-)
7a Cbz (S,S)-1a 72 90 R-(-)
7a Cbz (S,S)-1b 100 94 R-(-)
7a Cbz (S,S)-1c 100 81 R-(-)
7a Cbz (R,R)-2b 93 57 S-(+)

a Conversion determined by1H or 31P NMR. b Enantiomeric excess
determined by chiral GC on a Chirasil-L-Val column.11 c Absolute
configuration assigned based on data supplied by Talley.7b
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Initial studies involving the catalytic asymmetric hydro-
genation of substituted enamido phosphonates include the
Et-DuPHOS-Rh reduction of (E)-3-methyl-1-benzyloxycar-
bonylamino-1-dimethylphosphonylbut-1-ene7b (not shown)
to produce9b (Figure 2), a compound previously reported

by Talley.7b The reaction was complete after 12 h at room
temperature in MeOH with an initial H2 pressure of 4 atm,
resulting in an enantiomeric excess of 95%. Consistent with
results from the enol phosphonate series, aryl-substituted
enamido phosphonates appear to give lower enantioselec-
tivities compared to their alkyl counterparts. Reduction of
(E)-phenyl-substitutedN-Cbz enamido phosphonate7b 7c (not
shown) with Me-DuPHOS-Rh provided9c in 76% ee.

The (Z)-methyl enamido phosphonate7d was prepared in
poor yield (11%) in a condensation reaction between
dimethylpropionylphosphonate and benzylcarbamate as shown
in Scheme 3, conditions similar to those used in the
preparation of the unsubstituted parent substrate7a.14 After
a failed attempt to hydrogenate7d with Et-DuPHOS-Rh, the
reduction was attempted with Me-DuPHOS-Rh which al-
lowed complete conversion to afford9d in 71% ee. The
lower ee achieved in the reduction of (Z)-enamide7d
represents a significant compromise in selectivity compared
to the result for9b which was obtained from the (E)-enamide.
This dependence on substrate geometry is somewhat unex-

pected in light of previous observations for the catalytic
asymmetric hydrogenation of various classes of substrates
employing the DuPHOS-Rh and BPE-Rh catalysts whereE-
andZ-substituted olefins allowed for comparable selectivi-
ties.4b-c,5,15

The catalytic asymmetric hydrogenation of enolbenzoate
phosphonates using the DuPHOS-Rh and BPE-Rh catalysts
provides an efficient route to enantiomerically enriched alkyl-
substitutedR-hydroxy phosphonates. Given the ease with
which substrates3 are prepared this method is likely to find
broad application for the preparation ofR-hydroxy phos-
phonate derivatives. Preliminary studies also have shown that
the Et-DuPHOS-Rh catalysts can hydrogenate enamido
phosphonates effectively and with moderate to high enan-
tioselectivity, potentially providing a convenient route to
R-amino phosphonates in high enantiomeric purity.
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Figure 2. N-CbzR-amino phosphonates.

Scheme 3
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