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electrophiles. Both conventional heating and microwave irradiation can be used.
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Introduction of allylic and benzylic structural units into organic
molecules represents a special case of organotransition metal-cat-
alyzed cross-coupling reactions, as the reactive centers of these
units are located at sp3-hybridized carbon atoms. While the allyla-
tion of enolates with p-allylpalladium complexes (the Tsuji–Trost
reaction) has found widespread use in organic synthesis,1 other
cross coupling reactions of allylic species, such as Suzuki, Stille,
Hiyama, and Negishi, are much less frequent, and the yields are,
in general, modest. Standard precursors of organometallic species
include halides, acetates, carbonates, and sulfonates, while phos-
phates were seldom used for this purpose. Recently, it has been
shown that benzylic phosphates represent a useful class of precur-
sors for the Suzuki–Miyaura,2 as well as for the copper-mediated
Kumada cross coupling.3 This prompted us to investigate whether
the allylic phosphates could be used for a range of palladium-cat-
alyzed cross-couplings—a possibility that, to the best of our knowl-
edge, has not been systematically studied. Several reports exist,
however, on cobalt,4 or copper-5mediated couplings of allylic phos-
phates with arenemetals, as well as on their palladium-mediated
metallo-ene reaction6 and alkoxycarbonylation.7

Several allylic phosphates were prepared from the correspond-
ing alcohols and diethylchlorophosphate, according to the previ-
ously described procedures.8 It should be noted that cinnamyl
phosphates are more susceptible to hydrolysis on silica, with re-
spect to ordinary allylic phosphates; therefore, their purification
should be fast. These phosphates were then submitted to the reac-
tion conditions suitable for cross-coupling reactions. After some
ll rights reserved.
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experimentation, it was established that no single reaction proto-
col would be suitable for all couplings, and that the choice of the
catalyst (ligand) and the reaction conditions depends on the type
of reaction to perform. The results of these experiments are repre-
sented in Table 1. The Hiyama coupling was tried first. We found
that, using in situ-prepared tetrakis(triphenylphosphine)palla-
dium, in the presence of TBAF as activator, in hot DMF,9 reasonable
yields of coupling products could be obtained (entries 1, 3, and 4).
As expected, the coupling occurred regioselectively (attack at the
less substituted end), with the E-configuration of the products.
The next experiments focused on the Stille reaction. Here, lithium
chloride was used instead of an organic ligand, and the reactions
were performed at room temperature,10 to afford the expected
products in 50–68% yields (entries 5–7). We next turned to the Su-
zuki–Miyaura reaction. Somewhat surprisingly, the use of ligands
such as triphenylphosphine or dppf resulted in low yields of the
desired products. The best results were obtained with biaryl mono-
phosphine ligands, such as 2-(dicyclohexylphosphino)biphenyl
(cyclohexylJohnPhos) and XPhos. Reactions with the latter were
much faster (45 min vs 16 h; compare entries 11 and 12); however,
a serious side reaction in the presence of XPhos was the formation
of diallyl ethers, therefore the former ligand was preferred. Cou-
plings were also performed using a recently reported modification
of the Suzuki–Miyaura reaction, where cyclic triolborate salts are
used as superior synthetic equivalents of more conventional bor-
anes, or boronates.11 These reactions were run under very mild
conditions (without organic ligand, in the presence of water and
atmospheric oxygen, at room temperature, in essentially neutral
reaction medium), and provided the expected products in good
yields (entries 16–18). Entry 14 represents a useful alternative to
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Table 1
Various Pd-catalyzed couplings of allylic phosphate

Entry Reactants Conditions Products Yields (%)

Hiyama coupling

1 OP(OEt)2

O Si(OMe)3
A 72

2 B 85

3 OP(OEt)2

O Si(OMe)3

MeO

A

OMe

63

4 OP(OEt)2

O

Cl

Si(OMe)3
A

Cl

50

Stille coupling

5 OP(OEt)2

O SnBu3
C 68

6
OP(OEt)2

O
SnBu3

C 55

7 OP(OEt)2

O

Cl

SnBu3
C

Cl

50

Suzuki–Miyaura coupling

8 OP(OEt)2

O B(OH)2
D 76 (87)

9 E 70

10 OP(OEt)2

O B(OH)2

O D O 47
11 E 46

12 F 52

13 OP(OEt)2

O

Cl

B(OH)2

O D O
Cl

45

14
OP(OEt)2

O
B(OH)2

MeO

D

OMe
65

15
OP(OEt)2

O
B(OH)2

D 56 (36% with PPh3)

16 OP(OEt)2

O

O B O

O

K+

_
G 82

(continued on next page)
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Table 1 (continued)

Entry Reactants Conditions Products Yields (%)

17 OP(OEt)2

O
O B O

O

MeO

K+
G

OMe

72

18 OP(OEt)2

O

Cl

O B O

O
K+

G

Cl

40

Negishi coupling

19 OP(OEt)2

O ZnCl
H 40

Reagents and conditions:
(A) Pd(OAc)2 (10 mol %), PPh3 (20 mol %), TBAF (200 mol %), DMF, Ar, 90 �C, 24 h;
(B) Pd(OAc)2 (10 mol %), PPh3 (20 mol %), TBAF (200 mol %), DMF, Ar, mw, 300 W, 25 min (120 �C);
(C) Pd(dba)2 (5 mol %), LiCl (300 mol %), DMF, Ar, rt, 24 h;
(D) Pd(dba)2 (1 mol %), CyJohnPhos (4 mol %), K3PO4�3H2O (200 mol %), toluene, Ar, 90 �C, 16 h;
(E) Pd(dba)2 (1 mol %), K3PO4�3H2O (200 mol %), toluene, Ar, mw, 300 W, 25 min (120 �C);
(F) Pd(dba)2 (1 mol %), XPhos (4 mol %), K3PO4 anhyd (200 mol %), toluene, Ar, 90 �C, 45 min;
(G) Pd(OAc)2 (5 mol %), DMF, H2O, rt, 2 h;
(H) Pd2dba3 (2.5 mol %), dppf (5 mol %), THF, 70 �C, 16 h.
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the geranylation of phenols, a transformation that was previously
performed under strongly acidic conditions where side reactions
were also possible.12 Finally, the formation of cinnamyl benzene
in the reaction of cinnamyl phosphate with phenylzinc chloride
showed that allylic phosphates could serve as reaction partners
for the Negishi coupling, although the yield in this reaction was
not high (entry 19).

Couplings were also performed under microwave irradiation,
which brought about a significant shortening of the reaction times,
with the yields comparable to those obtained with conventional
heating.13 For example, the Hiyama coupling, which required
24 h at 90 �C, was complete within 25 min under mw irradiation
(entry 2; see also entries 9 and 11).

To summarize, allylic phosphates can be used as electrophiles in
a range of palladium-catalyzed cross-couplings. The straightfor-
ward preparation of these derivatives from the corresponding alco-
hols, coupled with their good reactivity, makes them potentially
useful precursors for cross coupling reactions.
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