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Abstract: Diphenylvinylphosphine oxides and di- and trisubstituted vinylphosphonates have been employed
as substrates in iridium-catalyzed asymmetric hydrogenations. Complete conversions and excellent
enantioselectivities (up to and above 99% ee) were observed for a range of substrates with both aromatic
and aliphatic groups at the prochiral carbon. We have also hydrogenated electron-deficient carboxyeth-
ylvinylphosphonates with excellent stereoselectivity (up to and above 99% ee). The hydrogenated products
of both classes of substrates are synthetically useful intermediates.

Introduction

Chiral organophosphorus compounds have gained much
attention in recent decades because of their extensive applica-
tions in various fields of chemistry.1,2 They are crucial as ligands
in the rapidly developing field of asymmetric catalysis, as
evinced by numerous reports in the literature.3 Chiral phosphines
are generally prepared by resolution or use of stochiometric

amounts of chiral auxiliaries;4 highly effective, enantioselective
routes to these compounds are extremely desirable. 1-Arylphos-
phonic acid derivatives are widely used as key composites in
drugs used for treatment of various bone and calcium-
metabolism diseases.4 Phosphonic acid derivatives are also
useful as enzyme inhibitors and drugs for viral and bacterial
infections as well as for neurological disorders.5 For example,
glutamic acid analogues are well-known for the treatment of
neurological disorders such as Parkinson’s and Huntington’s
diseases.6 R-Aryl-substituted fosmidomycin analogues have
shown promising antimalarial activity.7 Because of their ability
to chelate to metals, there is considerable interest in the
chemistry of carboxyalkylphosphonates as well.2 The substitu-
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tion of a carboxylic acid group by a phosphonic one increases
receptor selectivity.8 As biological activity depends strongly on
optical purity, the development of enantioselective routes to
these molecules is important.

Catalytic asymmetric hydrogenation of prochiral unsaturated
compounds is now a key methodology in enantioselective
organic synthesis, and we imagined that appropriate unsaturated
precursors could be hydrogenated to elegantly obtain optically
active phosphines. Early reports on olefin hydrogenations were
dominated by ruthenium and rhodium catalysts, but highly
selective reductions using these catalysts are strictly limited to
olefins that contain a polar coordinating group close to the
double bond.3c-e,9,10 Chiral N,P-ligated iridium catalysts for
olefin reduction,11 on the other hand, generally do not operate
via chelation control12,13 and thus are used for substrates without
coordinating groups or with less strongly coordinating groups.14

Many research groups have contributed to the development of
chiral N,P-ligated iridium catalysts for this purpose.11 However,
iridium-catalyzed asymmetric hydrogenation is strongly substrate-
dependent and must be tested with new substrate classes before
it can become a widely accepted methodology.11i,14a

We have reported several classes of chiral N,P ligands that
are highly effective in the iridium-catalyzed asymmetric hy-
drogenations of imines and unfunctionalized trisubstituted

olefins.15 Several olefinic substrate classes with heteroatoms at
the prochiral centers have also been hydrogenated.16 Recently,
while examining the asymmetric reduction of various pro-
tected enols, we found that diphenylphosphine oxide protect-
ing groups produced stable substrates that were hydrogenated
highly enantioselectively.17 This inspired us to explore
diphenylvinylphosphine oxides, in which diphenylphosphine
oxides are directly attached to the prochiral carbons, as a
substrate class. Diphenylvinylphosphine oxides can be hy-
drogenated directly to give protected chiral phosphines, which
can be readily converted to chiral phosphines upon reduc-
tion.18 To our knowledge, only one catalytic asymmetric
reduction of diphenylvinylphosphine oxides has been re-
ported: Matteoli and co-workers18 synthesized the chiraphos
ligand via asymmetric hydrogenation of 2,3-bis(diphenylphos-
phinoyl)buta-1,3-diene.

Results and Discussion

1. Reduction of Diphenylvinylphosphine Oxides. Initially, we
screened three iridium catalysts in the hydrogenation of diphe-
nyl(1-phenylvinyl)phosphine oxide (1) (Figure 1). All three
catalysts completely converted 1 to the desired product overnight
using 50 bar H2 and 0.5 mol % catalyst loading at room
temperature (rt). In general, complexes A and B were superior
to complex C (Figure 1). Complex C, which had been an
excellent catalyst for enol phosphinate hydrogenation, was
unsatisfactory in this study, producing 1a in only 78% ee.
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Figure 1. Asymmetric hydrogenation of substrate 1 with several iridium-
based catalysts.
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Complex B gave 92% ee, whereas the hydrogenation of 1 by
complex A occurred in >99% ee (R).19 Therefore, we chose to
screen the rest of the diphenylvinylphophine oxide substrates
in this study using catalyst A.

Having obtained encouraging results in the hydrogenation of
1, we investigated the substrate scope of this transformation. A
wide range of diphenylvinylphosphine oxide substrates were
hydrogenated to provide the corresponding protected phosphines
with perfect enantioselectivity (Table 1). Introduction of an
electron-donating group at the para position of the C-phenyl
ring impacted neither the reactivity nor the enantioselectivity,
as substrates 2 and 3, bearing methyl and methoxy groups,
respectively, were also hydrogenated to the corresponding
alkyldiphenylphosphine oxides in almost quantitative conversion
with excellent enantioselectivity (>99% ee).

Substrates having electron-withdrawing groups at the para
position of the C-phenyl ring were as reactive as the
unsubstituted analogue 1 (complete conversion in 3 h) but
showed different selectivities. Para-fluoro-substituted 4 gave
a very high ee (>99%; Table 1, entry 4), whereas substrate
5, bearing a trifluoromethyl group at the para position, was
slightly less selectively reduced (93% ee; entry 5). Thus, both
the reactivity and stereoselectivity of hydrogenation were
highly tolerant of para substituents on the C-phenyl ring,
regardless of their electronic properties. Additionally, a
methyl group at the ortho position of the C-phenyl ring did
not alter the reaction; substrate 6 was hydrogenated to the

same conversion and ee as its para-substituted analogue
(>99% conversion, >99% ee; entry 6).

Substrates without aryl groups at the prochiral carbon were
also selectively hydrogenated and generally behaved similarly
to their aryl cohorts. (1-Cyclohexylvinyl)diphenylphosphine
oxide (7) was hydrogenated to full conversion with >99% ee
(Table 1, entry 7). Increasing the size of the alkyl group affected
the conversion slightly: (1-tert-butylvinyl)diphenylphosphine
oxide (8) was hydrogenated to 98% conversion with >90% ee
(entry 8).

To broaden the synthetic utility of this reaction, we hydro-
genated 9, which bears a hydroxyl-terminated alkyl chain. The
terminal hydroxyl group in the product, chiral alkyl diphe-
nylphoshine oxide 9a, can be further modified to access diverse
chiral precursors. Higher catalyst loading was required to
achieve good conversion and ee in the hydrogenation of 9. Under
the standard conditions with 0.5 mol % catalyst, 9 was
hydrogenated to only 80% conversion in 92% ee, whereas the
hydrogenation of 9 using 1 mol % catalyst and 100 bar H2

resulted in >99% conversion and ee. The lower conversion at
lower catalyst loading was likely due to the ability of the alcohol
to coordinate the metal and deactivate the catalyst. On the other
hand, 0.5 mol % catalyst loading was sufficient to hydrogenate
the acetyl-protected alcohol 10 to full conversion with perfect
enantiodiscrimination (>99% ee) (entry 10). The hydrogenated
product 10a could easily be deprotected, with retention of
enantioselectivity, to give the corresponding alcohol 9a by
treatment with M2CO3 (M ) Na, K) in ethanol. The hydrogena-
tion of 1-phenylethyl-substituted diphenylvinylphosphine oxide
11 was also almost complete using 0.5 mol % catalyst and 50

(19) (a) Vedejs, E.; Garcia-Rivas, J. A. J. Org. Chem. 1994, 59, 6517–
6518. (b) Naylor, R. A.; Walker, B. J. J. Chem. Soc., Chem. Commun.
1975, 45–47.

Table 1. Catalytic Asymmetric Hydrogenation of Diphenylvinylphosphine Oxides by Complex Aa

a Determined by 1H NMR spectroscopy. b Determined by chiral HPLC (see the Supporting Information for details). Optical rotations are given in
parentheses. c Determined by comparing optical rotation with a literature value.19 d Using 1 mol % catalyst loading. e P(H2) ) 100 bar.
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bar H2, and gave 11a in >99% ee (entry 11). Finally, when the
hydrogenation of 10 was performed using the standard condi-
tions but on a larger scale (eq 1), 10a was isolated in 95% yield
with >99% ee.

2. Reduction of Vinylphosphonates. Keeping the excellent
results for diphenylvinylphosphine oxides in view, we extended
the substrate scope further. Replacing the diphenylphosphine
oxide group with a diethyl phosphonate group at the prochiral
center provided access to a different class of substrates:
vinylphosphonates. The asymmetric hydrogenation of 1-arylvi-
nylphosphonates using Ir catalysts was reported by Beletskaya,
Pfaltz, and co-workers.14c They reported good enantioselectivi-
ties (up to 95%), though only diethyl 1-arylethenylphosphonates
were studied. The enantioselective hydrogenation of ester-
functionalized vinylphosphonates (carboxyethylvinylphospho-
nates) has barely been explored. Kadyrov et al.20 reported the
hydrogenation of terminal and internal 3-phosphonobutenoates
using a Rh(bppm) catalyst. The terminal substrate was hydro-
genated much faster and with higher enantioselectivity than its
internal isomer, highlighting the importance of chelation in
rhodium-catalyzed hydrogenations. To the best of our knowl-
edge, this is the only example of carboxyethylphosphonate
hydrogenation. Here, we report the iridium-catalyzed asym-
metric hydrogenation of both carboxyethylvinylphosphates and
1-arylvinylphosphonates.

We chose 12 as a model substrate to optimize the hydrogena-
tion conditions. We screened two catalysts (A and C) and found
that catalyst A was again the better catalyst. Hydrogenation of
12 with complexes A and C led to full conversion within 6 h
using 50 bar H2 at rt (Scheme 1). Complex A reduced 12 in
>99% ee, whereas complex C gave a lower ee (92%) and
required higher catalyst loading (1 mol %). At less than 50 bar
pressure, prolonged reaction times were required, although no
considerable effect on ee was observed. The enantioselectivity
obtained in our study (>99% ee) is the best ever reported for
this substrate. The hydrogenation of 13 was more demanding;14c

it required 100 bar H2 and 1 mol % catalyst to reach 79%
conversion in 48 h. The hydrogenation product, which is the

phosphorus analogue of naproxen, was obtained in 91% ee.
Encouraged by these results, we extended our study to trisub-
stituted vinylphosphonates. We chose carboxyethylvinylphos-
phonic acid esters as substrates because the carboxylate group
can undergo post-hydrogenation functional group interconver-
sion (FGI) to provide a variety of chiral precursors with wide
potential utility.

Carboxyethylvinylphosphonates are highly electron-deficient,
so the hydrogenation reaction was sluggish: 100 bar H2 and 1
mol % catalyst loading were required to ensure full conversions.
Hydrogenation of (E)-14 using 100 bar H2 at rt for 24 h gave
<10% of the desired product (Table 2). Increasing the temper-
ature and reaction time did not augment the conversion;
however, the observed ee was good (90%). (Z)-14, on the other
hand, was hydrogenated to full conversion with >99% ee. Under
similar reaction conditions, a 1:4 mixture of (E)- and (Z)-14
was completely hydrogenated to the desired product and gave
only a single enantiomer (>99% ee). Interestingly, the hydro-
genation of both substrates led to the same enantiomer. This
phenomenon was observed earlier for the Ru-catalyzed asym-
metric hydrogenation of fluorinated olefins21 but had not been
observed for Ir catalysts. The lower reactivity of the pure E
isomer of 14 might be due to substrate binding to the metal in
a fashion that deactivates the catalyst. Curiously, the E isomer
was also hydrogenated to lower ee in the absence of the Z
isomer; further investigations are required to understand this
result. Substrate (Z)-15 was completely hydrogenated to give a
single enantiomer of the product (>99% ee), as was a 1:6
mixture of (E)- and (Z)-15. When the phenyl ring on the
prochiral carbon was replaced by a benzyl group (16), full
conversion was still achieved with >99% ee. To our surprise,
the E isomer of 16 was hydrogenated to full conversion with
excellent enantioselectivity (>99%).

3. Functional-Group Elaboration. Hydrogenation of diphe-
nylvinylphosphine oxides gives direct access to protected chiral
phosphines, which can readily be converted to the corresponding

(20) Kadyrov, R.; Selke, R.; Giernoth, R.; Bargon, J. Synthesis 1999, 1056–
1062.

(21) Iseki, K.; Kuroki, Y.; Nagai, T.; Kobayashi, Y. J. Fluorine Chem.
1994, 69, 5–6.

Scheme 1. Hydrogenation of Two Diethyl 1-Arylvinylphosphonates Table 2. Catalytic Asymmetric Hydrogenation of
Carboxyethylvinylphosphonates by Complex A

a Determined by 1H NMR spectroscopy. b Determined by chiral
HPLC (see the Supporting Information for details).
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chiral phosphines upon reduction.18 Subjecting 9a to simple
manipulations afforded chiral O,P (phosphine, phosphinoxide),
N,P (aminophosphine), and P,P (bisphosphine) ligands (Scheme
2). For example, the chairphos ligand was originally produced
in a tedious synthesis starting from optically pure malic acid.22

Using our methodology, we reached the key intermediate,
protected phosphine alcohol 9a, in two steps with >99% ee and
good isolated yield (87%). Recently, several groups have
independently reported syntheses of chiral oxophosphonates via
organocatalytic asymmetric phosphonylation and hydrophos-
phination of R,�-unsaturated aldehydes.23 Good ee values were
obtained, but high catalyst loading, low temperatures, and
additives to increase the reaction rate were required.
R-Aryl-substituted fosmidomycin analogues (FR9000098)

show higher antimalarial activity than fosmidomycin. However,
most have been tested only as racemates.7 In the current study,
the hydrogenations of 14-16 provide access to both �-aryl and
�-alkyl precursors of FR9000098 as single enantiomers (>99%
ee), and these can be transformed into their corresponding chiral
fosmidomycin analogues (Scheme 3).24 Therefore, Ir-catalyzed
asymmetric hydrogenation can also be adopted to synthesize
these compounds. This would not only serve as a synthetic

methodology but also expand the utility of Ir-based hydrogena-
tion catalysis.

Conclusions

We have synthesized and hydrogenated a wide range of
diphenylvinylphosphine oxides and vinylphosphonates to the
corresponding chiral products via N,P-ligated-iridium-catalyzed
asymmetric hydrogenation. Catalyst A gave the best conversions
and enantioselectivities in the hydrogenation. Furthermore, we
have demonstrated the enantioselective hydrogenation of highly
electron-deficient carboxyethylvinylphosphonates with excellent
enantioselectivity. We have also extended the substrate scope
of iridium-catalyzed asymmetric hydrogenation to include di-
and trisubstituted vinylphosphonates. For most substrates,
exclusive enantioselectivities and good conversions were ob-
served. Notably, the Z isomer of 14 was hydrogenated much
faster than the E isomer, but both isomers gave the same
enantiomer as the major product. This phenomenon is new to
Ir-catalyzed asymmetric hydrogenation.
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Scheme 2. Elaboration of 9a To Produce a Range of
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Synthesis of Fosmidomycin Analogues
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