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Leibniz-Institut für Katalyse e.V. an der Universitaẗ Rostock, Albert Einstein Str. 29a, 18059 Rostock, Germany

*S Supporting Information

ABSTRACT: Unprecedented chemoselective reductions of phosphine
oxides to phosphines proceed smoothly in the presence of catalytic
amounts of specific Brønsted acids. By utilizing inexpensive silanes, e.g.,
PMHS or (EtO)2MeSiH, other reducible functional groups such as
ketones, aldehydes, olefins, nitriles, and esters are well-tolerated under
optimized conditions.

■ INTRODUCTION

Chemoselective reductions of unsaturated compounds con-
stitute an important tool box for more benign organic
synthesis.1b Although it is an old theme, even today significant
efforts are being made to develop highly selective reductions of
a specific scaffold in the presence of other reducible functional
groups (FG). Notably, such efficient processes are the basic
requirement saving protection/deprotection steps and thereby
streamlining organic synthesis. In this respect, catalysis not only
increases the rate of a given reaction, but also controls its
selectivity. Hence, many catalytic methodologies have been
established in the past decades to successfully reduce carbonyl,
nitro, sulfoxide, and similar compounds.1 On the other hand,
relatively little work is known on the catalytic reduction of
related PO bonds, which are thermodynamically highly
stable. With a bond energy of around 502 kJ/mol, they are
significantly more stable compared to typical organic functional
groups, and the general order of bond energy stability is P−O >
C−H > C−O > C−C > C−N.2,3 Therefore, it is not surprising
that highly chemoselective reductions of phosphine oxides until
today represent an unsolved problem, although the resulting
organophosphines represent valuable intermediates and ligands
for transition metal catalysis (Figure 1).4

Typical methods for the transformation of phosphine oxides
to phosphines rely on the use of an excess of strong reducing
agents such as metal hydrides or HSiCl3/additives. Apart from
being expensive, these reagents in general have limited
functional group tolerance.5−7 In fact, until recently only the
combination of Ti(O-i-Pr)4 with hydrosilanes allowed for the

selective reduction of a variety of phosphine oxides. Never-
theless, tolerance of esters, ketones, and/or aldehyde groups
was not achieved.8

■ RESULTS AND DISCUSSION

Recently, we and other groups have shown that catalytic
hydrosilylations allow for distinctive chemoselectivity in the
reduction of functionalized esters and amides.9 Based on this
work, we discovered a copper-catalyzed hydrosilylation of
phosphine oxides and a hydrosilylation-phosphination se-
quence, too.10a While a variety of secondary and tertiary
phosphine oxides can be reduced smoothly by this procedure,
the preparation of chelating phosphines is more difficult due to
the coordination of the product to the metal center.10b

Interestingly, it is well-known that silanes can also be activated
metal-free by applying Lewis acids or Lewis bases.11 In addition,
Brønsted acids were used to activate carbonyl groups and
thereby promote the hydrosilylation of ketones and alde-
hydes.12 On the other hand, phosphine oxides have been
employed as Lewis base catalysts in various transformations.13

In line with these ideas, herein we report the first metal-free
reduction of phosphine oxides to phosphines under mild and
convenient conditions. Remarkably, unique chemoselectivity is
obtained in the presence of diaryl phosphoric acids as catalyst
applying commercially available silanes as reductants.
At the start of our work, we studied the influence of different

acids for reduction of triphenylphosphine oxide (1a) in the
presence of diethoxymethylsilane as reducing agent. As
expected, no reaction took place without catalyst (Table 1,
entries 1, 16). By using 15 mol % of benzene sulfonic acid or
benzoic acid, low yields of triphenylphosphine were obtained
(Table 1, entries 5, 8). Surprisingly, the addition of diphenyl
phosphoric acid 3a resulted in 75% yield of PPh3 (Table 1,
entry 2). Using 4 equiv of silane at higher temperature
increased the yield to 90% (Table 1, entries 9−10). In order to
improve the reactivity of the reductant, different silanes were
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Figure 1. Chemoselective reduction of phosphine oxides.
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screened. However, the use of other silanes led to lower
reactivity except for phenylsilane, which gave comparable 91%
yield (Table 1, entries 12−15). The solvent effect reveals that
less polar solvents are more suitable and the highest efficiency
was obtained in dibutyl ether (35−91% yields, Table 1, entries
17−19).
The unexpected reactivity of the phosphoric acid derivative

was mechanistically investigated by 31P NMR. In the 1:1
mixture of Ph3PO and acid 3a (Figure 2A), 4 equiv of
(EtO)2MeSiH were added followed by stirring at 95 °C.
Immediately after heating, some gas is generated, which was
characterized as H2 by GC. After 6 h, the signals of phosphine
oxide 1a (30.2 ppm) and catalyst 3a (−10.7 ppm) completely
disappeared with the generation of two new signals at −4.8 and
−22.0 ppm, respectively, which belong to PPh3 and the silyl

ester 4a (Figure 2B).14a,b In order to prove that 4a is also an
active catalyst for the reduction of phosphine oxides, we added
to the reaction a mixture of Ph3PO and (EtO)2MeSiH (1:2).
After stirring at 95 °C for another 6 h, the reaction resulted in
full conversion, and the same signals as in spectrum B were
observed.
Additionally, the disiloxane O[SiMe(OEt)2]2 (formula

weight = 282) was detected as the main byproduct of the
reduction reactions by GC-MS measurements. Using 1 equiv of
silane for the reduction of 1a, only 28−30% of 2a is obtained,
which indicates that 2−3 Si−H are required for reduction of
one PO as the minimum. Performing catalytic experiments
under similar conditions, only replacing the silane by H2 (80
bar), gave no reduction even at elevated temperatures up to
180 °C. The addition of 15 mol % (EtO)2MeSiH in the
presence of hydrogen also gave only trace amounts of the
desired product.
Based on these experimental data and literature reports on

the reduction of phosphine oxides and intramolecular
Brønsted-acid-catalyzed domino deprotection−hydrosilylations
of acetals,6c,8b,f,12c we propose that phosphoric silyl ester 4 is
formed and acts as the major active species in reduction of
phosphine oxides (eq 1).14c Concerted activation of both the

Lewis acidic silane and the Lewis basic phosphine oxide by
bifunctional 4 facilitates the intramolecular deoxygenation to
form the phosphine product, disiloxane and H2.

14d,e Finally, 4 is
released for a new catalytic cycle.
Next, the electronic properties of the phosphate catalyst were

varied. Hence, four additional phosphoric acid derivatives were
tested under optimized conditions (Table 2). To our delight, a
quantitative yield is obtained by using aryl esters substituted
with electron-withdrawing groups such as NO2 or CF3 (Table
2, entries 2−3). On the other hand, the reactivity is strongly
decreased applying alkyl or benzyl esters (low to 3% yield,
Table 2, entries 4−5), probably due to the easier hydrolysis of

Table 1. Acid-Catalyzed Reduction of Phosphine Oxidesa

entry catalyst silane (equiv.) T (°C) yieldb (%)

1 - (EtO)2MeSiH (3) 100 <1
2 3a (EtO)2MeSiH (3) 100 75
3 3b (EtO)2MeSiH (3) 100 21
4 3c (EtO)2MeSiH (3) 100 9
5 3d (EtO)2MeSiH (3) 100 7
6 3e (EtO)2MeSiH (3) 100 <1
7 3f (EtO)2MeSiH (3) 100 <1
8 3g (EtO)2MeSiH (3) 100 6
9 3a (EtO)2MeSiH (3) 110 85
10 3a (EtO)2MeSiH (4) 110 90
11 3a (EtO)2MeSiH (1) 110 29
12 3a PMHS (4) 110 35
13 3a TMDS (3) 110 62
14 3a PhSiH3 (3) 110 91
15 3a Ph2SiH2 (3) 110 56
16 - Ph2SiH2 (3) 110 <1
17c 3a (EtO)2MeSiH (4) 110 35
18d 3a (EtO)2MeSiH (4) 110 69
19e 3a (EtO)2MeSiH (4) 110 91

aReaction conditions: 1a (0.25 mmol), 3 (0.0375 mmol), toluene (2.0
mL). bDetermined by GC methods using n-hexadecane as an internal
standard. cTHF as the solvent in sealed tube. d1,4-Dioxane as the
solvent in sealed tube. eSolvent: n-Bu2O.

Figure 2. 31P NMR spectra for reduction of 1a.

Table 2. Variation of Different Phosphoric Acid Esters for
Reduction of 1aa

entry catalyst (3) yield (%)b

1 3a 90
2 3h >99
3 3i >99
4 3j 16
5 3k 3

aReaction conditions: 1a (0.25 mmol), silane (1.0 mmol), toluene (2.0
mL), 110 °C, 24 h. bDetermined by GC methods using n-hexadecane
as an internal standard.
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these esters. In this context, it should be noted that plain
phosphoric acid does not promote the desired reduction.
To further understand the role of the phosphoric acid

catalyst, kinetic measurements of the three most efficient acids
were performed at 100 °C. As shown in Figure 3, the reduction

of triphenylphosphine oxide (1a) proceeds fastest in the
presence of aryl phosphates with electron-withdrawing
substituents. The best results were observed for the NO2-
substituted phosphate (3h) yielding 80% of triphenylphosphine
(2a) after 6 h. In all three cases, the reaction rates are first-order
with respect to the concentration of phosphine oxide ([1a]),
and a linear relationship between ln[1a]t and reaction time (t/
h) was obtained, which indicated an induction period not
longer than one hour (Figure S1).15a

The observed rate (kobs) for 3h, 3i, and 3a was 2.6, 1.8, and
0.53 (10−1 h−1), respectively. Apparently, stronger acidity of the
Si atom in 4 favors the activation of the PO bond during its
reaction with the silane.15a

With good catalytic activity in hand, we explored the
substrate scope using 7.5 mol % of 3h as catalyst. As shown in
Table 3, various aromatic, heteroaromatic, and aliphatic
phosphine oxides were smoothly reduced to the corresponding
phosphines with full conversion for most of the substrates. For
both tertiary and secondary aromatic phosphine oxides, good
reactivity were obtained with isolated yields of 72−87% (Table
3, entries 1−5).15b To our delight no negative influence was
observed with a heterocyclic substrate (88% yield; Table 3,
entry 6). Furthermore, reduction of more sensitive electron-rich
alkyl-substituted phosphine oxides gave the products in good
isolated yields (70−71%), despite some oxidation of the
corresponding products during silica gel chromatography
(Table 3, entries 7−8). Sterically hindered diadamantylphos-
phine oxide and tricyclohexylphosphine oxide can be reduced
in excellent yields of 88−99% (Table 3, entries 9−10).
Clearly, most of the reductions shown in Table 3 can be

performed with traditional organometallic hydrides or a mixture
of HSiCl3/Et3N, too. However, for organometallic chemistry
and catalysis all kinds of functionalized phosphines are
important. Hence, the “real” value of a novel reduction
protocol for phosphine oxides has to be demonstrated with
more challenging substrates. Therefore, acid 3h was used to
catalyze the reduction of phosphine oxides containing other
reducible functional groups (Table 4). Indeed, functionalized
phosphine oxides were reduced to the corresponding
phosphines in good to excellent yields (72−92%). Notably,
ester, amide, nitrile, olefin, cyclopropyl and even ketone groups
are well-tolerated with a selectivity for the PO bond >99:1!
Since no transition metal being involved, we were interested

to test the reduction under air atmosphere. Indeed, the
substrate was fully converted to the air-stable phosphine under

air atmosphere, which makes this method very convenient
(92% yield, Table 4, entry 1). Using PMHSone of the most
inexpensive silanesin the presence of 15 mol % 3h allowed
for smooth and selective reduction of a phosphine oxide even
in the presence of an aldehyde group (82% yield, Table 4, entry
6). To the best of our knowledge, such selective reductions
have not been described before. In fact, protection steps are
generally needed for the selective reduction of functional
groups in the presence of the more reactive aldehydes.16

Having demonstrated the successful reduction of various
monophosphine oxides, we finally applied our methodology to
the preparation of bisphosphines. As shown in Table 5, six
different bisphosphines are obtained without further optimiza-
tion in 62−96% isolated yields starting from bisphosphine
mono- or dioxides. Notably, in the case of the chiral phosphines
no racemization is observed. A significant advantage of this
metal-free method toward organometallic catalysis is the
avoidance of the somewhat problematic substrate/metal
complexation.

■ SUMMARY
In conclusion, we have demonstrated here for the first time that
organocatalytic reductions of phosphine oxides to phosphines
are possible.18,19 Using inexpensive hydrosilanes as the
reductant notable features of this metal-free protocol are the
broad functional group tolerance and the convenient, air-

Figure 3. Kinetic study for different catalysts. Reaction conditions: 1a
(0.5 mmol), cat. (0.075 mmol), (EtO)2MeSiH (2 mmol), toluene (4.0
mL), 100 °C.

Table 3. Phosphoric Acid-Catalyzed Reduction of Phosphine
Oxides to Phosphines

aIsolated yields. bYields determined by 31P NMR analysis.
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insensitive, and safe reaction conditions. In general, good to
very good yields were obtained for the reduction of 25 different
aryl, alkyl mono-, and bidentate phosphine oxides. Importantly,
excellent chemoselectivity was observed even in the presence of
other reducible groups such as aldehyde, ketone, and olefin,
which makes this methodology highly applicable for catalytic
Wittig reaction, Appel reaction, and Staudinger reaction
etc.7b,20

Experimental Section. General procedure for hydro-
silylation: A 25 mL dried Schlenk tube containing a stirring
bar was charged with 3h (13.0 mg, 0.0375 mmol) and the
corresponding phosphine oxide (0.5 mmol). Under Ar flow, dry
toluene (2 mL) and (EtO)2MeSiH (320 μL, 2.0 mmol) were
added, and the mixture was stirred at 110 °C for a certain time
period. Then, the reaction mixture was cooled to 0 °C and 3N
methanolic KOH (5 mL) was added slowly. After the mixture
was stirred vigorously for 3 h at room temperature, water (3
mL) was added and the mixture was extracted by ethyl acetate.
Then, the organic phase was washed by 1N HCl solution (aq., 5
mL) and saturated NaHCO3 solution (aq., 5 mL). Finally, the
organic phase was dried by Na2SO4 and concentrated under
vacuum. The residue was purified by silica gel column
chromatography.
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Haigh, D.; Kocǒvsky,́ P. Angew. Chem., Int. Ed. 2006, 45, 1432.
(c) Tan, M.; Zhang, Y.; Ying, J. Y. Adv. Synth. Catal. 2009, 351, 1390.
(d) Rendler, S.; Oestreich, M. Angew. Chem., Int. Ed. 2008, 47, 5997.

(12) (a) Doyle, M. P.; DeBruyn, D. J.; Kooistra, D. A. J. Am. Chem.
Soc. 1972, 94, 3659. (b) West, C. T.; Donnelly, S. J.; Kooistra, D. A.;
Doyle, M. P. J. Org. Chem. 1973, 38, 2675. (c) Gellert, B. A.; Kahlcke,
N.; Feurer, M.; Roth, S. Chem.Eur. J. 2011, 17, 12203. (d) Chem,
X.; Deng, Y.; Jiang, K.; Lai, G.; Ni, Y.; Yang, K.; Jiang, J.; Xu, L. Eur. J.
Org. Chem. 2011, 1736.
(13) For use of phosphine oxide as organocatalysts, see: (a) Ogawa,
C.; Konishi, H.; Sugiura, M.; Kobayashi, S. Org. Biomol. Chem. 2004, 2,
446. (b) Kobayashi, S.; Sugiura, M.; Ogawa, C. Adv. Synth. Catal. 2004,
346, 1023. (c) Kotani, S.; Shimoda, Y.; Suguiura, M.; Nakajima, M.
Tetrahedron Lett. 2009, 50, 4602. (d) Benaglia, M.; Rossi, S. Org.
Biomol. Chem. 2010, 8, 3824.
(14) (a) Similarly to the structure of 4a, chemical shift for
(PhO)2P(O)(OTMS) in 31P NMR is assigned as −20.8 ppm, see:
Chojnowski, J.; Cypryk, M.; Michalski, J.; Wozńiak, L. J. Organomet.
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