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ABSTRACT

A novel palladium-catalyzed allylation of H 3PO2 with allylic alcohols is described. The phosphorus −carbon bond-forming reaction produces
allylic- H-phosphinic acids and water, in the absence of additives. Primary H-phosphinic acids are obtained in excellent yields, whereas secondary
H-phosphinic acids react sluggishly. A reusable polymer-supported catalyst is also described. The reaction provides an environmentally
sound approach to H-phosphinic acids.

Palladium-catalyzed allylations have become well-established
and reliable methods for forming C-O, C-N, and C-C
bonds but are much less common for C-P bond formation.1

Commonly used electrophiles are halides or esters (acetate,
carbonate, phosphate) derived from an allylic alcohol. More
recently, research has focused on the development of catalytic
allylations which use allylic alcohols directly.2,3 The obvious
advantages are the ready availability of the starting materials
and a more atom-economical and environmentally benign
approach because water is the byproduct (eq 1).

As part of our program to develop phosphorus-carbon
bond-forming reactions using hypophosphorous acid (H3PO2)
and its derivatives,4 we have reported the palladium-catalyzed
cross-coupling of aryl and alkenyl electrophiles5 and the hy-

drophosphinylation of alkenes and alkynes.6 Herein, we
report the palladium-catalyzed allylation of H3PO2 with
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allylic alcohols which proceedsin the absence of any
additiVes.3

Because allylic acetates and phosphates readily undergo
oxidative addition with palladium, it occurred to us that
allylic phosphinates should behave similarly. The resulting
π-allyl complex may then undergo rearrangement followed
by reductive elimination, in a pathway similar to the one
we had previously hypothesized during some cross-coupling
studies with other allylic derivatives.5a If the allyl phosphinate
can form through the Fischer-like esterification of H3PO2, a
catalytic allylation would result. The postulated mechanistic
pathway is shown in Scheme 1.

Indeed, when H3PO2 was reacted with cinnamyl alcohol
(DMF, 85°C) in the presence of Pd2dba3/2xantphos (0.5 mol
% of Pd, xantphos) 9,9-dimethyl-4,6-bis(diphenylphos-
phino)xanthene), the corresponding cinnamyl-H-phosphinic
acid formed in high yield. No reaction took place in the
absence of a catalyst. The reaction proved rather general
(Table 1). In most cases, theH-phosphinic acid product can
be isolated in good purity (>95%) by a simple extractive
workup. The reaction generally proceeds in good yield even
with equimolar amounts of H3PO2 and allylic alcohol (entries
1-4 and 8). Increasing the number of equivalents of H3PO2

improves the yield slightly and speeds up the reaction.
Disubstituted phosphinic acids do not form under any of the
conditions investigated.

Remarkably, the reaction still works well when performed
in air and with aqueous H3PO2 (2 equiv) in undried, reagent
grade DMF (entry 1b), even at room temperature (entry 1c).
In experiments conducted in air, 2 equiv of acid appears to
be required to prevent oxidation of the products into the
corresponding allylic phosphonates.

Low molecular weightH-phosphinic acids give lower
isolated yields because they are difficult to extract. Addition
of (BuO)4Si to the reaction mixture followed by heating for
a few hours provided the butyl esters which were purified
by chromatography.7 For example, butyl allyl-H-phosphinate
(entry 9) and butyl crotyl-H-phosphinate were obtained in
43% and 88% yield, respectively.

Lowering the amount of catalyst 10-fold, from 0.5 mol %
to 0.05 mol %, still provided excellent isolated yields
(cinnamyl-H-phosphinic acid, 99%, and geranyl-H-phos-
phinic acid, 83%). However, a further decrease in catalyst
loading did not give satisfactory results.

The reaction is highlyE-selective as indicated in entries
1-4 and 6. From theE-starting material, theE-isomer is
obtained exclusively, whereas from theZ-starting material,
the E-isomer forms predominantly (>90:10E/Z) or exclu-
sively. When a primaryH-phosphinic acid can form, rear-
rangement from secondary and tertiary allylic alcohols takes
place. Not surprisingly, when two substituents are in position
3, as with (-)-linalool or nerolidol, a mixture ofE- and
Z-isomers is obtained (entries 8b and 8c). SecondaryH-
phosphinates require more concentrated conditions (2 M) and
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Scheme 1. Postulated Catalytic Mechanism

Table 1. Scope of the Pd-Catalyzed Allylationa

a See Supporting Information for details. Unless otherwise noted,
reactions were conducted in dry DMF (0.2 M) at 85°C, with 0.5 mol % of
Pd/xantphos andn equiv of H3PO2. n ) 1, entries 1-4 and 8.n ) 2, entries
5-7.n ) 3, entries 9 and 10. Reaction times: 2-8 h. b Isolated yield after
extractive workup.c Reaction conducted in air, 2 equiv of aqueous H3PO2
(50 wt %), and reagent grade DMF (1b, 85°C; 1c, rt).d 1:1 mixture of
isomers.e After esterification and chromatographic purification.f Conditions:

2 mol % of Pd/xantphos, 3 equiv of H3PO2, 85°C, DMF (2 M).
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slightly higher catalyst loading for success (entry 10), but
trans-1,3-diphenyl-2-propen-1-ol fails to give detectable P-C
bond formation even under these modified conditions. This
could be due to more rapid transfer hydrogenation with this
type of substrate. A study conducted with 3,5,5-trimethyl-
2-cyclohexen-1-ol (isophorol) using standard conditions
showed the formation of reduction and olefin isomerization
products which were detected by gas chromatography. With
higher concentrations, small amounts of overreduction can
be detected. For example, with 3-penten-2-ol (predominantly
trans), the expectedE-(1-methyl-but-2-enyl)-phosphinic acid
was obtained as the major product, along with a small amount
of the overreduced product (1-methyl-butyl)-phosphinic acid
(eq 2, overall isolated yield of 80%,E:[H] ) 8.5:1).

Consistent with the mechanism proposed in Scheme 1,
preformed8 primary cinnamyl phosphinate2 undergoes the
palladium-catalyzed P-O to P-C rearrangement (2 to 6,
Scheme 1) in quantitative yield. The rearrangement even
takes place at room temperature. Phosphorous acid (H3PO3)
fails to undergo the reaction, supporting the postulated
importance of the P(V) to P(III) tautomeric equilibrium (3
to 4) during rearrangement. The fact that the reaction does
not proceed in the absence of catalyst and that primary
alcohols give primaryH-phosphinic products rules out the
known thermal [2,3] sigmatropic rearrangement pathway.9

Allylic acetates also undergo cross-coupling with hypophos-
phorus compounds, and these results will be reported in the
upcoming full paper.10

The polystyrene-supported catalyst6 we reported earlier
for hydrophosphinylation of unsaturated compounds11 was
also highly effective in this reaction. Cinnamyl alcohol was
reacted with H3PO2 and6 (1 mol %), and at the end of the

reaction, the polymer catalyst was recovered by filtration and
reused directly in four additional runs to provide the
corresponding cinnamyl-H-phosphinic acid in 92% combined
yield (total of five runs). This process constitutes a highly
atom-economical and environmentally benign approach to
H-phosphinic acids from allylic alcohols.

Allylic H-phosphinic acids have been prepared previously
from the reaction of an allylic halide with (TMSO)2PH.12

However, this method requires wasteful silylation and a
halide-containing electrophile and is difficult to control to
avoid symmetrically disubstituted products.13,14

In conclusion, we report a novel catalytic phosphorus-
carbon bond-forming reaction which proceeds in good yield
and does not require any additive, thereby providing a
powerful and environmentally sound entry into allylic
organophosphorus compounds. The possible extension of the
process to phenols is under study.

Acknowledgment. We gratefully acknowledge the Na-
tional Science Foundation (CHE-0242898) for the financial
support of this research.

Supporting Information Available: Representative ex-
perimental procedures and spectroscopic data. This material
is available free of charge via the Internet at http://pubs.acs.org.

OL061828E
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