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of unsaturated systems using CaO under solventless conditions†
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Diethyl phosphite and diphenylphosphine add to a series
of unsaturated derivatives using environmentally-friendly
calcium oxide as a basic promoter under solventless con-
ditions at room temperature. The corresponding adducts
are obtained in a totally regioselective fashion, via a 1,4-
addition on a,b-unsaturated esters and sulfone, and a 1,2-
addition on cyclic and acyclic a,b-unsaturated aldehydes
and ketones.

Organophosphorus chemistry has experienced a rapid devel-
opment, as phosphorous-containing compounds not only exert
pivotal biological activities,1 but have also found a wide range
of important industrial and practical applications; thus, they
are widely used as pest control agents, as pharmaceutical drugs
and as catalysts in numerous processes.2 Furthermore, the
enormous versatility of organophosphorus reagents has allowed
the development of an arsenal of phosphorus-based reactions of
great importance in current organic chemistry; in this context,
optically active organophosphorus compounds have been used
as valuable building blocks in natural product syntheses,3 and
have been exploited as ligands in enantioselective reactions.4

A very common and powerful way of accessing organophos-
phorus compounds is the use of reactions involving the for-
mation of C–P bonds with phosphorus-based nucleophiles;
thus, the metal-catalyzed addition of dialkyl phosphites to
unsaturated derivatives5 and heteroaryl compounds6 has been
reported. Furthermore, the addition of compounds containing
labile P–H bonds such as I to activated alkenes or alkynes II via
the phospha-Michael addition (the Pudovik reaction),7 and the
addition of trialkyl or dialkyl phosphites to aldehydes, ketones
and imines II (the Abramov reaction)8 to give III have received
great attention as a way of accessing various organophospho-
rus derivatives, many of them exhibiting biological activities
(Scheme 1).9

Such compounds have been prepared by using metal
catalysts, including the asymmetric versions,10 non-metallic
heterogeneous11 and brominated catalysts.12 Some of these syn-
theses suffer from the drawbacks of harsh reaction conditions,
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Scheme 1 Addition of dialkyl phosphites to unsaturated derivatives.

utilization of toxic and expensive catalysts or low yields (pro-
voked by reversibility of the reaction, and cleavage of the
C–P bond).13

A very important issue of this process concerns the regioselec-
tivity displayed when a,b-unsaturated carbonyl derivatives are
used as substrates in the reaction with dialkyl phosphites. The
regioselectivity observed strongly depends on the basic promoter
employed, and it can differ considerably between substrates of
similar structure. As an example, potassium fluoride on basic
alumina, under solventless conditions, is able to provide the
1,2-addition product in the reaction of diethyl phosphite with 3-
phenyl-2-propenal, while the 1,4-addition largely predominates
when 3-buten-2-one is employed with the same nucleophile.14

As an attempt to improve the Pudovik- and Abramov-type
reactions on electrophilic substrates, we searched for green con-
ditions, avoiding the use of solvents and expensive or hazardous
catalysts; so, simple heterogeneous catalysts under solventless
conditions appeared as a promising synthetic route. We have also
investigated the regioselectivity of the reaction in the presence
of several electrophilic moieties. In this context, the addition
of diethyl phosphite on methyl acrylate 1 using solid Na2CO3

(1.0 equiv.), or polymer-supported Na2CO3 (0.5 equiv.) led to
either no reaction or low yield, respectively. Although the use of
MgO has been reported15 for the Abramov reaction on simple
aromatic aldehydes, in our hands it did not work when methyl
acrylate was used as substrate. The utilization of eco-friendly and
inexpensive CaO as a promoter for nucleophilic additions has
been rather neglected, and only a sparing number of examples
in which it promotes nitroaldol reaction and conjugate addition
of methanol to 3-buten-2-one have been reported.16 Satisfactory
results for these processes are recorded only upon activation of
the oxide at 873 K. We were delighted to observe that unactivated
CaO (1.0 equiv.) under solventless conditions and at rt was
able to promote the conjugate addition of diethyl phosphite
to methyl acrylate 1 leading to phosphonate 9 in excellent yield
(80%) (Table 1, Entry 1). The same behavior was observed using
diphenyl phosphine as nucleophile to give derivative 10 in a 49%
yield (Table 1, Entry 2).
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Table 1 Addition of diethyl phosphite and diphenylphosphine to
various unsaturated compounds

Entry Substrate Product
Time
(h)

Yield
(%)a

1 1 9 18 80

2 1 10 18 49b

3 2 11 18 91

4 3 12 18 82

5 4 13 3 87c

6 5 14 48 78

7 6 15 72 67

8 7 16 48 86

9 8 17 18 90

a Yield of pure isolated product with (EtO)2PH(O) as the nucleophile.
b Ph2PH was used as the nucleophile. c Reaction carried out on a larger
scale (10.0 mmol of 4) gave adduct 13 in 74% isolated yield with a
reaction time of 5 h.

The antiperiplanar arrangement of the carbonyl and the
phosphonyl groups in the major conformation of compound
9 is supported by the high value of the vicinal 3JP,CO coupling
constant (18.2 Hz).17 CaO also proved to be a good catalyst
for the conjugated addition to unsaturated sulfones, such as
phenylvinyl sulfone 2 to afford phosphonate 11 in excellent
yield (91%, Table 1, Entry 3). Nevertheless, when acyclic
a,b-unsaturated aldehydes and ketones are used as substrates
(acrolein 3 and methyl vinyl ketone 4, Table 1, Entries 4,5) the
conjugate addition process is largely suppressed and the 1,2-
addition products 12 and 13 are the only final products recovered
in substantial amount from the reaction mixture (82 and 87%
yields, respectively). A scale-up procedure for the synthesis
of compound 13 was also carried out, but this gave only a

limited yield decrease (74%, Table 1, footnote c). This unusual
regioselectivity is seldom observed with dialkyl phosphites, since
1,4-addition using different conditions (e.g. DBU, superbases,
KOH and alumina-supported KOH)18 or Zn-based catalysts19

has been generally reported. The particular activity of CaO in
promoting 1,2-addition is further corroborated by the results
obtained in the reaction of less reactive enones, such as
2-cyclohexenone 5 and 2-cyclopentenone 6 with diethyl phos-
phite, which also proceed smoothly at room temperature to give
hydroxy derivatives 14 and 15 (78% and 67% yield respectively,
Table 1, Entries 6,7), although longer reaction times were
needed.20 In contrast, 1,4-adduct was obtained by heating
2-cyclopentenone with triethyl phosphite in phenol at 100 ◦C.21

The 1,2-addition was proved by NMR, as compounds 12–15
showed peaks in 1H- and 13C-NMR spectra in the alkene region
(roughly 6.1–5.2 ppm, 138–115 ppm). A possible explanation for
the regioselectivity displayed by unsaturated carbonyl deriva-
tives 3–6 with CaO may be found in the enhancement of the
electrophilic character of the carbonyl group provided by
the coordination of the oxygen atom with the metal cation
on the solid surface. This interaction has been evidenced by
Hattori et al. evaluating the IR spectra of aldehydes adsorbed
on MgO, assuming that similar behavior is predictable for related
metal oxides.16 An attempt to speed up the reaction by heating
the solid mixture containing methyl vinyl ketone 4 and diethyl
phosphite to 60 ◦C was effective in reducing the reaction time
to 1.5 h. However, a reversal in regioselectivity was observed
at that temperature since a 1 : 4 ratio of 1,2- to 1,4-adduct
was obtained in 82% yield (see ESI for details†). This result
confirms that 1,2-addition is a kinetically controlled process
(and thus favored at low temperatures), while upon heating,
formation of the thermodinamically more stable conjugated
adduct predominates.

Chemoselectivity of two competing reactions involving di-
ethyl phosphite was also assessed on phenacyl bromide 7; of the
two competing reactions, namely the carbonyl addition, and the
SN2 reaction on the a-carbon, only the former took place to give
16 (86%, Table 1, Entry 8), indicating the addition to be a faster
process than the nucleophilic substitution.

Methyl (2-bromomethyl)acrylate 8 represents an interesting
substrate, since in reactions with nucleophiles it often undergoes
a SN2¢ reaction involving conjugate addition to the C=C
bond with subsequent bromide elimination which restores the
unsaturation in the final product. This trend was also observed in
the reaction of 8 with diethyl phosphite that produced 17 in 90%
yield (Table 1, Entry 9). Unexpectedly, fast transesterification
of the methyl ester moiety, probably promoted by CaO during
the work-up step with ethanol, finally afforded the ethyl ester
of the phosphonylated product 17. The reaction outcome was
evidenced by the alkene signals in the 1H-NMR (6.25 and
5.75 ppm) and 13C-NMR (131.5, 128.5 ppm) spectra, as well
as the absence of the bromine atom from the mass spectrum.
Remarkably, compounds 9, 11–17 exhibited anisochronism of
diastereotopic methylene/methyl groups on the phosphonate
moiety, observed either by 1H-NMR or 13C-NMR spectra;
the same observation was reported in some phosphonates and
hydroxyphosphonates in the literature.22

We have also assessed our procedure for the addition of diethyl
phosphite on sugar-derived aldehydes; carbohydrate containing
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phosphonate and a-hydroxyphosphonate moieties have been
described as phosphate mimics with stable C–P linkages, some
of them exhibiting important biological properties.23 Aldehyde
19 was easily obtained from commercially available 1,2:3,4-di-O-
isopropylidene-a-D-galactopyranose 18 by oxidation mediated
by Dess–Martin periodinane (Scheme 2).24

Scheme 2 Addition of diethyl phosphite to carbohydrate-derived
aldehyde 19.

Treatment of 19 with diethyl phosphite in the presence of
CaO (1.0 equiv.) led to the formation of 6-C-phosphonate
20, obtained as a non-resolved mixture of diastereoisomers
in a 4.5 : 1 ratio, as deduced from 1H-NMR spectrum. The
pyranose ring of both isomers adopts the oS2 conformation,25

as deduced from the vicinal coupling constants. Assignment
of the configuration at C-6 was carried out by studying the
conformational preference around the C5–C6 bond (Fig. 1).

Fig. 1 Conformational preference for hydroxyphosphonate 20.

The high values of the coupling constants 3JC4,P (8.8 Hz)
and 3JP,OH (24 Hz) for the minor diastereoisomer, together with
the low value for 3J5,6 (4.8 Hz) is in agreement with the 6S
configuration and a preferred gg conformation26 around the
C5–C6 bond, stabilized by an O6–H ◊ ◊ ◊ O4 hydrogen bond. For
the major 5R configuration, equilibrium between the gg and tg
staggered conformations can be deduced.

In conclusion, we have developed an environmentally friendly
and high-yielding procedure for the nucleophilic addition of
phosphines and dialkyl phosphites on a series of electrophiles,
using inexpensive CaO under mild and solventless conditions.
The reactions proceed following a general trend by which
simple and a,b-unsaturated carbonyls give exclusively the 1,2-
addition reaction. Conversely, methyl acrylate and vinyl sulfone
regioselectively lead to the 1,4-addition process. This green
procedure was also successfully applied to sugar aldehydes to
afford carbohydrate-derived a-hydroxyphosphonates.

Experimental

General method for the addition of diphenylphosphine and
diethyl phosphite to unsaturated derivatives

Calcium oxide (1.0 mmol) was added to a mixture of
1–8,19 (1.0 mmol) and diphenyl phosphine or diethyl phosphite
(1.0 mmol). The corresponding mixture was stirred at rt for
3–72 h, EtOAc (or EtOH for 8) was added, and the suspension
was filtered through a Celite pad. The filtrate was concentrated
to dryness and purified by column chromatography to give
compounds 9–17,20 in 49–91% yields.
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