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ABSTRACT

Parameters influencing the selectivity of the (PPh3)3RhCl-catalyzed hydrophosphorylation of olefins and enynes are described. The reaction
between differentiated dienes was shown to be highly responsive to olefin substitution. The trimethylsilyl group effectively reversed the
normal preference for hydrophosphorylation of an alkyne over an alkene.

New methods for phosphonate synthesis continue to attract
attention because phosphonates display biologically important
properties as natural products,1 analogues of phosphates2

(including RNA/DNA),3 phosphonopeptides,4 amino acid
analogues,5 and pro-drugs.6 The number of methods for the
preparation of organophosphonates is limited, and tradition-
ally phosphonates are prepared by Arbuzov reaction of
phosphites with organic halides.7 Given the indispensable
utility of phosphonates as bioactive molecules and synthetic
tools (e.g., Wadsworth-Emmons and related reactions),
research into the synthesis of phosphonates and associated

reactions is important. In this regard, Tanaka recently
reported the palladium(II)-catalyzed hydrophosphorylation
of terminal and strained cyclic olefins with the pinacol-
derived phosphonite1 (Scheme 1).8-0

A significant advantage of transition metal catalyzed olefin
hydrophosphorylations over traditional phosphonate synthesis
is the mild reaction conditions. However, to successfully
predict the effectiveness of the reaction in the context of a
complex synthetic target with multiple sites of unsaturation,
information regarding the selectivity of the olefin hydro-
phosphorylation is required. In addition to defining the
parameters that influence the selectivity between differenti-
ated olefins, the effect and compatibility with other func-
tionalities such as amides and vinyl ethers need to be
addressed. Currently, the major drawback of the hydrophos-
phorylation reaction shown in Scheme 1 is its dependence
uponcis-PdMe2(PPh2(CH2)4PPh2) as catalyst, which is air-
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sensitive and not commercially available.11 A better catalyst
would be commercially available, more robust and relatively
air-stable. In this communication we disclose that Wilkin-
son’s catalyst, (PPh3)3RhCl, efficiently catalyzes olefin
hydrophosphorylation and describe the effect of alkene and
alkyne substitution on the selectivity of the reaction.

A preliminary screening of various metal species in
dioxane at 100°C, including Pd(PPh3)4, Pd2(dba)3, and
(PPh3)3RhCl, revealed that each catalyzed the hydrophos-
phorylation of 1-octene2 in the presence of hydrogen
phosphite1,12 albeit in moderate yields (Table 1).13 However,

in the presence of Ph2P(CH2)4PPh2 (DPPB), Wilkinson’s
catalyst gave excellent yields (entry 2, 95%).14 The formation
of DPPB oxides during the course of the reaction suggested
that DPPB might serve to reduce a catalytically inactive
oxidized rhodium species. In entry 4 the reaction failed to
go to completion, but the stalled reaction resumed upon
addition of additional DPPB.15 In this regard, the addition
of more than 1 equiv of DPPB per rhodium allowed efficient

and reproducible hydrophosphorylation with low catalyst
loading (1.25 mol % rhodium, entry 5). Substituting DPPB
with more economical phosphines either had no effect on
turnover versus Wilkinson’s catalyst alone (Ph3P, entry 6)
or fully attenuated catalyst activity (nBu3P, entry 7).

With an active and convenient rhodium catalyst in hand,
an investigation into its ability to differentiate between two
dissimilar olefins was initiated. To determine whether subtle
electronic effects could direct the hydrophosphorylation,
diene 4 was treated with 0.9 equiv of1 under the new
catalysis conditions (Scheme 2).16 The products5a,5b, and

5cwere obtained in a 1.3:1:1 ratio, and therefore only a small
3:1 preference existed for reaction at the allylic position.
Additionally, isomerization of the bis-homoallylic olefin to
an internal position occurred in5c. Similar yield and product
distributions were observed with tosamide6.

While substrates4 and6 showed that a subtle electronic
difference between olefins was insufficient to significantly
control the regioselectivity of the hydrophosphorylation,17

the catalyst was adept at distinguishing between disubstituted
and monosubstituted olefins, as summarized in Table 2. In
the competition between a terminal olefin and a stereochemi-
cally pure trans olefin (entry 1), reaction occurred only at
the sterically more accessible position, and the stereochemical
integrity of the trans olefin remained intact. In entry 2
complete regiocontrol was also observed, but in this instance
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phosphonate1 (85% yield from one-half of the reaction). After 2 mol %
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Scheme 1

Table 1. Effect of Metal Catalyst and Additives on the
Hydrophosphorylation Reaction1 + 2 f 3a

entry catalyst mol % additive
yieldd

(%)

1b (PPh3)3RhCl 5 57
2c (PPh3)3RhCl 5 5% DPPB 95
3c (PPh3)3RhCl 2.5 2.5% DPPB 91
4b (PPh3)3RhCl 1.25 1.25% DPPB 85 (99)e

5c (PPh3)3RhCl 1.25 5% DPPB 99
6b (PPh3)3RhCl 5 10% Ph3P 42
7b (PPh3)3RhCl 5 10% nBu3P nrf

8b (PPh3)3RhCl 5 5% DPPB, 150% DMF 96
9b Pd(PPh3)4 5 37

10b Pd2(dba)3 2.5 5% DPPB 25

a Reactions were performed at 100°C in 1,4-dioxane under an atmosphere
of Ar. b One milimole scale.c Ten milimole scale.d Isolated yields.e After
additional DPPB.15 f No reaction.

Scheme 2
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stereochemical scrambling to the trans olefin10b occurred
in half of the product. Isomerization of the cis olefin suggests
a close interaction with the rhodium catalyst, but no internal
hydrophosphorylation was detected. In entry 3, preference
for the terminal olefin over the 2,2-disubstituted alkene was
observed. Attempts to achieve hydrophosphorylation at the
remaining site of unsaturation in12by employing an excess
of hydrogen phosphonate1 were unsuccessful. In entry 4,
the internal olefin is in conjugation with a phenyl ring, and
this had no impact on the selectivity or yield of the reaction.
In entry 5, only hydrophosphorylation was observed at the
terminal olefin, and the low 56% yield was accredited to
the instability of the product that decomposed on standing.18

While alkyne hydrophosphorylation is well documented,10

no reports have appeared on the selectivity of hydrophos-

phorylation of alkynes versus monosubstituted olefins. To
address this deficiency, treatment of enyne17 under the
standard reaction conditions16 gave theE vinyl phosphonate
18a as a single regio- and stereoisomer from hydrophos-
phorylation exclusively at the triple bond (Scheme 3).
Importantly, substitution of the terminal alkyne with a
trimethylsilyl protecting group (n-BuLi, THF, -78 °C;
Me3SiCl, 96%) resulted in a reversal of reactivity and only
the olefin underwent hydrophosphorylation (19f 20b). The
TMS protecting group allows access to the terminal alkyne
for further functionalization, as it can be easily removed with
methanolic K2CO3 or Bu4NF. In contrast to the impressive
regioselectivity observed in the above experiments, competi-
tive hydrophosphorylation with enynes21 and 23 gave
complex mixtures of regio- and stereoisomers (Scheme 4).

Table 2. Selective Hydrophosphorylation

Scheme 3
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In summary, we have reported that (PPh3)3RhCl in the
presence of DPPB is an efficient catalyst for the hydrophos-
phorylation of olefins.19 The reaction is highly sensitive to
olefin substitution, and monosubstituted olefins can be

reliably converted to their aliphatic phosphonates in the
presence of other olefins. Additionally, a trimethylsilyl group
is an effective acetylene protecting functionality that reverses
the normal preference for alkyne hydrophosphorylation over
a terminal olefin.
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(17) To explore whether more significant electronic effects would
influence the hydrophosphorylation of a monosubstituted olefin, the vinyl
ether25, a substrate that offers an attractive synthetic handle for further
synthetic modifications, was exposed to our standard reaction conditions.16

This gave rather disappointing results, but by increasing both the catalyst
loading and the reaction time (2 d) a 70% yield of theâ-benzyloxy
phosphonate26 was obtained.

(18) Palladium-catalyzed hydrophosphorylation of dienes has been
reported: Miraei, F.; Han, L.-B.; Tanaka, M.Tetrahedron Lett.2001,42,
297-299.

(19) The use of pinacol-derived phosphonates in Horner-like coupling
reactions will be described elsewhere.
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