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Asymmetric hydrogenation of α- or β-acyloxy α,β-unsaturated phosphonates
catalyzed by a Rh(I) complex of monodentate phosphoramidite†‡
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The Rh(I) complex of a monodentate phosphoramidite bearing a primary amine moiety (DpenPhos) has
been disclosed to be highly efficient for the asymmetric hydrogenation of a variety of α- or β-acyloxy
α,β-unsaturated phosphonates, providing the corresponding biologically important chiral α- or β-hydroxy
phosphonic acid derivatives with excellent enantioselectivities (90–>99% ee).

Chiral α- or β-hydroxy phosphonic acids are widely used as key
building blocks in pharmaceutical chemistry owing to their
potential biological activity.1 Intense efforts have been made in
their asymmetric synthesis based on chiral auxiliary strategies in
early works.2 In contrast, more and more reports of enantioselec-
tive synthesis via asymmetric catalysis have emerged in recent
years, which holds the potential of providing optically active pro-
ducts with high efficiency.2a Although a plethora of reports have
appeared on the synthesis of α-hydroxy phosphonates, including
asymmetric reduction of α-carbonyl phosphonates,3 oxidation of
vinyl phosphonates,4 hydrophosphonylation (Pudovik reaction),5

and others,6 metal complex catalyzed asymmetric hydrogenation
(AH) has received more and more attention due to its ideal atom
efficiency, high activity, clean process and easy manipulation.
Since the first report on the Rh(I)-catalyzed asymmetric hydro-
genation of α-acyloxy α,β-unsaturated phosphonates by Burk
using privileged diphosphine ligands, such as DuPhos or BPE,7

various bidentate diphosphine ligands 8–12 have been disclosed
to be effective for the hydrogenation of this type of substrate. On
the other hand, the conceptually analogous AH of β-substituted
β-acyloxy α,β-unsaturated phosphonate derivatives for the prep-
aration of chiral β-hydroxyphosphonates has been less explored,
albeit that a leading work by Pizzano uses phosphine-phosphite
hybrid ligands.13 With the rapid development of monophosphine
ligands for their ready availability and excellent stereocontrol in
asymmetric catalyis,14 there has been no report on the AH of this
type of substrate with Rh(I) complexes of monophosphine
ligands to the best of our knowledge. Herein, we present a
highly efficient AH of various α- or β-acyloxy unsaturated

phosphonates using Rh(I) complexes of monodentate phosphora-
midite ligands.

We have previously demonstrated that chiral monodentate
phosphoramidite DpenPhos ligands are highly efficient in Rh(I)-
catalyzed AH of various α,β-unsaturated carboxylates and α- or
β-enamido phosphonates, affording the corresponding optically
active acid derivatives with excellent ee values.15 It was dis-
closed that the presence of a P–N–H moiety in the relevant phos-
phoramidite ligand is critically important for the high activity of
Rh(I) catalyzed asymmetric hydrogenation, which may provide a
suitable platform for extending their application in the catalytic
asymmetric hydrogenation of challenging substrates.15b,c With
this concept in mind, we investigated the ligand effect in the
Rh(I)-catalyzed asymmetric hydrogenation of (E)-1-(dimethoxy-
phosphoryl)-2-phenylvinyl benzoate (1a) in the present work.
The monodentate phosphoramidite ligands L1,16 MonoPhos,17

and L3,15a were first examined for the catalysis. No reaction
occurred under the experimental conditions shown in Table 1
(entries 1–3), even though these ligands were known to be
efficient in the Rh(I) catalyzed hydrogenation of several bench-
mark unsaturated substrates. Gratifyingly, L2/Rh(I) complex cat-
alyzed the reaction smoothly, giving the desired product with
79% ee in full conversion of substrate (entry 4), which stimu-
lated us to use Dpen-derived ligand L4 to further improve the
enantioselectivity of the reaction. Excellent ee (98%) and cataly-
tic activity were obtained by using L4/Rh(I) complex (entry 5),
again indicating the critical importance of P–N–H moiety in the
ligands for the catalysis.15b,c,18 The ee of the product was further
increased to 99% with the decrease of hydrogen pressure to 1
atm (entry 7). This is the first time the asymmetric hydrogenation
of this kind of substrate has been realized at ambient pressure
with such a high enantioselectivity.

With the leading results in hand, we investigated the adapta-
bility of the catalytic system by further extending the substrate
scope. The hydrogenation was carried out in CH2Cl2 at 1 atm of
H2 with 1 mol% of catalyst. As shown in Table 2, Rh/(S,S)-L4
catalyst turns out to be quite general for the catalysis and works
very well (>99% conversion in 1 h) for a wide range of
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α-acyloxy β-substituted α,β-unsaturated phosphonic acid
dimethyl esters with various substitution patterns and electronic
properties. All substrates with para- or meta- substituted phenyl
rings either having an electron-donating or electron-withdrawing
substituent (1a–1i) afforded complete conversion (>99%) and
uniformly high enantioselectivities (97–99% ee), showing that
the electronic properties of the substrates have a negligible effect
on the enantioselectivity of the reaction (Table 2, entries 1–9).
The hydrogenation of the substrates (1j–m) having two electron-
donating or electron-withdrawing substituents at both the para-
and the meta- positions also achieved excellent enantiomeric
excesses in the corresponding products (entries 10–13). The
hydrogenation of 1-naphthyl or 2-thienyl substituted substrates
(1n–o) afforded the corresponding hydrogenation products
(2n–o) with 98% and 90% ee, respectively (entries 14–15), indi-
cating a slight negative impact of the 2-thienyl group on the
enantioselectivity of the catalysis, probably due to the competing
coordination of the 2-thienyl moiety in the substrate 1o. The
hydrogenation of β-H, β-alkyl, or β-alkoxy substituted α-acyloxy
α,β-unsaturated phosphonic acid dimethyl esters (1p–1u) pro-
ceeded smoothly with excellent enantiocontrol of the catalysis
(>98% ee) and complete conversion of the substrates (entries
16–21). The enantioselectivity decreased slightly in the hydro-
genation of the phosphonate 1v with an acetoxy group in com-
parison with that obtained in the hydrogenation of 1a having
benzoyloxy group (entries 22 vs. 1), showing the favorable
impact of the bulky chelating unit in the substrates. The
efficiency of the catalytic system was also studied at a lower cata-
lyst loading (0.2 mol%, entry 23), the yield and enantioselectiv-
ity of 2r remained unchanged although higher hydrogen pressure

(40 atm) and longer reaction time were needed to realize the
complete conversion of substrate.

We then decided to apply the present methodology to the
hydrogenation of β-acyloxy β-substituted α,β-unsaturated phos-
phonates for the synthesis of optically active β-hydroxy phos-
phonic acid derivatives, one type of key building block for
potential drug candidates.19 As can be seen from Table 3, the
substrates (3a–c) examined here were hydrogenated with good to
full conversion of starting material and excellent enantioselectiv-
ity (entries 1–3), providing an efficient approach to the optically
active β-hydroxy phosphonic acid derivatives (4a–c). The hydro-
genation of γ-phthalimide substituted substrate 3c proceeded
with a slight decrease of catalytic activity and enantioselectivity
in comparison with those of β-phenyl (3a) or β-methyl (3b) sub-
stituted α,β-unsaturated phosphonates.

In conclusion, the Rh(I) complex of a monodentate phosphora-
midite bearing a primary amine moiety (DpenPhos) has been
disclosed to be highly efficient for the asymmetric hydrogenation
of a variety of α- or β-acyloxy α,β-unsaturated phosphonates,
providing a convenient methodology for access to the corre-
sponding optically active α- or β-hydroxy phosphonic acid
derivatives with biological importance. This methodology rep-
resents the first use of monodentate chiral phosphine ligands in
the Rh(I)-catalyzed asymmetric hydrogenation of α- or

Table 1 AH of α-benzoloxy α,β-unsaturated phosphonate (1a) with
Rh(I) complexes of various monodentate phosphoramidite ligandsa

Entry Ligand PH2
(atm) Conv. (%)b Ee (%)c

1 L1 20 — —
2 MonoPhos 20 — —
3 L3 20 — —
4 L2 20 >99 79
5 L4 20 >99 98
6 L4 5 >99 98
7 L4 1 >99 >99
8 L2 1 31 26

aUnless otherwise specified, all reactions were carried out with
0.25 mmol of substrate in 2.5 mL of CH2Cl2 for 16 h, in the presence of
1 mol% of catalyst prepared from [Rh(cod)2]BF4 and 2 equiv of ligand.
bDetermined by 31P NMR analysis. c The ee values were determined by
chiral HPLC.

Table 2 Rh(I)/(S,S)-L4 catalyzed AH of α-acyloxy β-substituted
α,β-unsaturated phosphonic acid dimethyl estersa

Entry R in substrate Ee (%)b

1 C6H5 (1a) 99(S)
2 4-FC6H4 (1b) >99(+)
3 4-ClC6H4 (1c) 99(+)
4 4-BrC6H4 (1d) 98(+)
5 4-MeOC6H4 (1e) 98(S)
6 4-O2NC6H4 (1f) 98(+)
7 2-ClC6H4 (1g) 97(+)
8 2-BrC6H4 (1h) 98(+)
9 2-MeOC6H4 (1i) >99(+)
10 3,4-(MeO)2C6H3(1j) >99(+)
11 3,4-Cl2C6H3 (1k) >99(+)
12 3,4-(AcO)2C6H3 (1l) 98(+)
13 Benzo[d][1,3]dioxol-5-yl (1m) 98(+)
14 Naphtha-1-yl (1n) 98(+)
15 Thien-2-yl (1o) 90(+)
16 H (1p) >99(S)
17 Me (1q) >99(S)
18 MeO (1r) >99(S)
19 EtO (1s) >99(+)
20 iPrO (1t) >99(+)
21 BnO (1u) 98(+)
22 C6H5 (1v)

c 96(+)
23d MeO (1r) >99(S)

aUnless otherwise specified, all reactions were carried out under 1 atm
of hydrogen pressure with 0.25 mmol of substrate in 2.5 mL of CH2Cl2
in the presence of 1 mol% of catalyst generated in situ from [Rh(cod)2]
BF4 and 2 equiv of the ligand. bDetermined by chiral HPLC. The
absolute configuration was determined by comparison of the specific
rotation with the literature value.10 cBenzoyl group (Bz) is replaced with
acetyl (Ac) in this substrate. d S/C = 500, 40 atm H2, rt, 16 h.
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β-acyloxy α,β-unsaturated phosphonates, and the results are
comparable or even superior to those obtained with Rh(I) com-
plexes of bidentate phosphine ligands. Further research on the
application of this type of ligand in the asymmetric catalysis of
other type of challenging substrates is undergoing in our
laboratory.

Experimental

1. General procedure for hydrogenations under ambient
pressure

The chiral monodentate phosphoramidite ligand (5 μmol) and
Rh(cod)2BF4 (2.5 μmol; cod = 1,5-cyclooctadiene) were added
to CH2Cl2 (1.2 mL) in a Schlenk tube under argon atmosphere.
A hydrogen balloon was switched to the Schlenk tube to replace
the argon. The mixture was stirred for 10 min and then the sub-
strate 1 (0.25 mmol) in CH2Cl2 (1.3 mL) was added. The reac-
tion mixture was stirred for the specified period of time. The
hydrogen gas was released and the conversion was determined
by 31P NMR or 1H NMR analysis of an aliquot of the mixture.
The reaction mixture was filtered through a short pad of silica
gel and eluted with EtOAc. The ee of the product was deter-
mined by chiral HPLC.

2. General procedure for hydrogenations under pressures
higher than 1 atm

The chiral monodentate phosphoramidite ligand (5 μmol) and
Rh(cod)2BF4 (2.5 μmol; cod = 1,5-cyclooctadiene) were dis-
solved in 2.5 mL of solvent under argon atmosphere in a vial.
The vial was transferred into a Parr steel autoclave in a glove
box, where the substrate 3 (0.25 mmol) was added into the cata-
lyst solution. The autoclave was sealed and purged three times
with hydrogen and finally pressurized to a specified pressure of

hydrogen. The reaction mixture was stirred for the specified
period of time. The hydrogen gas was released and the conver-
sion was determined by 31P NMR or 1H NMR analysis. The
reaction mixture was filtered through a short pad of silica gel and
eluted with EtOAc. The ee of the product was determined by
chiral HPLC.
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