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Abstract: We have developed an efficient and eco-
chemical process for the allylation of carbon pronu-
cleophiles with alkynes. The reaction of alkynes with
various active methynes and methylenes in the pres-
ence of Pd(PPh;),/acetic acid gave the corresponding
allylated products in high yields and high regioselec-
tivities. In the present catalytic system, the key is
the use of carboxylic acid which dramatically enhan-

ces the rate of the reactions. One of the important fea-
tures of this process is that neither a leaving group is
liberated nor is a stoichiometric amount of base need-
ed to generate the nucleophiles.

Keywords: alkynes; allylation; carbon nucleophiles,
C—C bond formation; homogeneous catalysis; palladi-
um

Introduction

The palladium-catalyzed allylation of carbon nucleo-
philesis well recognized as one of the most powerful syn-
thetic tools for the construction of carbon-carbon bonds,
Eq. (1). In general, the method involves the use of al-
lylic acetates, carbonates, halides, phosphates, NR, etc.l?!

X NuPd Nu
R ’\/\Rz —x> R '\/\Rz

X = OH, OAc, OCO,R, OTs, OTf, Bi/Clil, OP(O)Ph,, NR,

(1)

Recently, the direct use of allylic alcohols is also gaining
much interest. Some efforts have been made in this di-
rection by the use of activators, which coordinate with
the hydroxy group of allylic alcohols thereby increasing
their leaving group ability.’) However, these transfor-
mations are not necessarily the best procedure for the al-
lylation of carbon nucleophiles from an eco-chemical
point of view, since the use of a stoichiometric amount
of base is needed to generate nucleophiles (Nu~) from
pronucleophiles (H-Nu) and a stoichiometric amount
of a leaving group (X) is liberated.!”! Research in this
field seeking a new and more efficient method which
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can overcome these problems is still needed. In this con-
text our group reported, in 1998, an entirely new method
for the allylation of carbon pronucleophiles with al-
kynes, which may serve as an alternative to the existing
methods.” In that communication, we reported the al-
lylation of active methynes with alkynes using the
Pd(PPh;),/carboxylic acid combined catalytic system,
Eq. (2). It was our earlier observation that the allylation
proceeded smoothly with active methynes having two
cyano group, two SO,Ph groups, or one CN and one
COOEt group, giving the quaternary allylated products
in very high yields, Eq. (2).

R
. Pd(0)-AcOH E'LE
R2 H-Nu 17X 2 2
R R (2)

H-Nu = HCR(CN),, HCR(CN)(COOEY), HCR(SO,Ph),

Encouraged by these results and motivated by the im-
portance of a regioselective carbon-carbon bond form-
ing process, we attempted the allylation of active meth-
ylenes as they would have more synthetic potential. Ac-
cordingly, we attempted the allylation of malononitrile®!
under the established procedure; however, the product
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obtained was a mixture of mono- and diallylated prod-
ucts. At this juncture, all attempts to control the mono-
allylation over diallylation failed. Accidental addition
of diethyl malonate to the reaction mixture led to a
breakthrough; the desired monoallylation took place
in high yield. Herein, we report a full account on the al-
lylation of active methylenes with alkynes together with
the previous findings, Egs. (2) and (3).

Ei LEp

R1’\/\(Rz

R2 X
H-Nu (3)

- Pd(0)-AcOH

H-Nu = CH,(COOEt),, CHx(COPh)(COOEY), CH,(COPh),,
CH,(SO,Ph)(COPh)

Results and Discussion

Initially, we carried out the reaction of 1-phenyl-1-pro-
pyne (13) with 1 equivalent of methylmalononitrile (1)
in the presence of 5 mol % Pd(PPh;), as a catalyst in
1,4-dioxane at 100°C. The reaction hardly proceeded,
and the desired product 14 was obtained in only a trace
amount. To our surprise, however, use of acetic acid
(50 mol %) as an additive greatly improved the yield;
14 was obtained in 99% (Table 1, entry 1). This rate en-
hancement can be attributed to the cooperative effect of
both the palladium catalyst and acetic acid, because ei-
ther of the individual reagents alone did not give the
product.”! A variety of proton sources was then exam-
ined; among the tested acetic acid, trifluoroacetic acid,
benzenesulfonic acid, and HCI, acetic acid gave the
best result. Next, we examined different palladium cat-
alysts and phosphine ligands. Among the palladium cat-
alyst examined, Pd(PPh;), and thePd,(dba);- CHCly/
PPh; combination gave the best results, however, in
the latter case the reaction was slightly slower. The com-
bination of Pd(OAc), (5 mol %) with PPh; (10 mol %)
could also be used, however, the reaction was slower
and it took a longer time to reach completion (30 h).
The use of bidentate ligands, such as dppb and dppf,
with Pd(PPh;), or Pd,(dba);- CHCI; inhibited the reac-
tion completely. Besides these investigations, this hydro-
carbonation reaction was examined in the presence of
water (20 mol %) as an additive. Thus, the reaction of
13 with 1 in the presence of Pd(PPh;), (5 mol %)/
CH,;COOH (10 mol %)/water (20 mol %) afforded 14
in 99% yield, indicating that the reaction was not sensi-
tive to moisture.

After studying various palladium sources, phosphine
ligands and additives, we then employed the Pd(PPhj;),
(5 mol %)/CH;COOH (50 mol %) catalytic system for
the hydrocarbonation of alkynes with several active me-
thynes. The allylation proceeded smoothly with active
methynes 1-5 (Scheme 1) giving the quaternary allylat-
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R—_,

E

1R=Me, E'=E?=CN 2R=Me, E'=CN, E? = CO,Et

3R =Ph, E'=CN, E? = CO,Et 4R =Me, E' = E’=SO,Ph

5R=OMOM, E' =E*=CN 6 R =Me, E' =E? = CO,Ft

7R=H,E'=E°=CN 8R=H, E' = E? = CO,Et

9R =H, E' = COPh, E2 = CO,Ft 10R =H, E'=E>=COPh

11R=H,E'=COPh, E2=SO,Ph  12R=H, E' = COCH,, E* = P(O)OMe),

Scheme 1. Various active methynes and methylenes.

ed products in very high yields. The results are summar-
ized in Table 1.

We anticipated that this new palladium-catalyzed
transformation could be applied widely to the synthesis
of natural products if we could extend this methodology
to the allylation of active methylenes. We selected malo-
nonitrile as a model substrate,® since the allylation of
active methynes proceeded very well with methylmalo-
nonitrile and related substrates (1-5). The reaction of
malononitrile (7; 1.2 equivs.) with 1-phenyl-1-propyne
(13; 1 equiv.) under the standard conditions, Pd(PPh;),
(5 mol %)/CH;COOH (10 mol %)®! in 1,4-dioxane at
100 °C, was carried out, Eq. (4): the diallylated product
42 was produced in 35% yield together with the monoal-
lylated product 41 in 35% yield (Table 2, entry 1). This
observation suggested that the allylation proceeded
with malononitrile and the monoallylated malononitrile
was more reactive than the original substrate, malononi-
trile. At this stage, we believed that the selective and
synthetically useful allylation reaction with alkynes
was restricted to active methynes bearing a CN or
SO,Ph group only. However, the accidental addition of
diethyl malonate to the reaction mixture changed the
mode of reaction giving the monoallylated product se-
lectively. Our dream, although after a long gap, was ful-
filled. Various active methylenes turned out to be appli-
cable for the selective monoallylation. Perhaps the low-
er acidity of methylene protons of diethyl malonate
hampers the formation of the diallylated product. The
results are summarized in Table 2.

PhMgN

41 (30%)

N CN 4)
Ph% oN
Ph—/

42 (35%)

Pd(0)-AcOH
13 + 7

At first, the treatment of 1-phenyl-1-propyne (13) with
one equivalent of diethyl malonate (8) under the stand-
ard conditions gave the monoallylated product 43 in
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Table 1. Pd(0)/AcOH-catalyzed allylation of active methynes
with alkynes.

Entry Alkyne H-Nu Product Yield
(%]
on /\/\ﬁ EWG'
1 —— 2
R—— R EWG?
R
1 13R'=Ph,R®=CH, 1 14R=Me, E'=E?=CN 99

2 13R'=Ph R’=CH, 2 15R = Me, E' = CN, E> = COOEt 89

3 13R'=Ph R’=CH, 3 16 R=Ph, E' = CN, E2 = COOEt 96

4 13R'=Ph,R®=CH, 4 17 R=Me, E' = E?=SO,Ph 92
CNoy SNy
5 18R'=Ph R’=Et 1 . g1l
\ /
Ph Ph
19 86:14 20
CN oy
6 30R'=Ph, 1 98
R? = CH,0Me NS
Ph OMe
31
momo SN en
7 30R'=Ph, 5 86
R? = CH,OMe _
Ph OMe
32
8 33R'=Ph, 1

R? = CH,NHCbz

CN .y CN
. 64
\ /
Ph NHCbz Ph NHCbz
34 35

64:36

N

9 36R'=Ph,
R? = cyclopropy!

NN 83

37a(E):37b(Z) = 81:19
CN cN CN cN
1 + 89°
> =
39 955 40

2] 50 mol% acetic acid was used in all the cases.

! Yield of isolated product.

[l Inseparable mixture of regioisomers. Ratios were deter-
mined by 'H NMR analysis.

10 38R'=R’®=Et

71% yield with the formation of the diallylated product
in 10% yield. The formation of the diallylated product
was totally suppressed by the use of 1.2 equivalents of di-
ethyl malonate giving 43 in 92% isolated yield (entry 1).
Similarly, the reaction of 13 with 1.2 equivs. of 9, 10 and
11 gave the monoallylated products 44, 45 and 46, re-
spectively, in good to high yields (entries 2—4), and the
corresponding diallylated products were not isolated.
However, in the case of 12, a mixture of mono- and di-
allylated products 47 and 48 was obtained (entry 5).
Tetrolic acid ethyl ester (49) also reacted smoothly
with the nucleophiles 8,9 and 10 to give the monoallylat-
ed products 50, 51, and 52, respectively, in high yields
(entries 6-8). The reaction of the N-Boc protected
propargylamine derivative 53 gave only one regioisom-
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Table 2. Pd(PPh;),/AcOH-catalyzed allylation of active me-
thylenes with various alkynes."!

Entry  Alkynes H-Nuf®! Product Yield [%]*

R'—=—~R’

X E’
Ph/\/\ﬁ -

R

COOE
Ph/w 92

43  COOEt

1 13R'=Ph,R’=CH, 8

0 PhMCOPh 90

2 13R'=Ph R®=CH, o COOE!

PhMCOPh 71

45 COPh

3 13R'=Ph,R*=CH, 10

4 13R'=Ph R*=CH, 11

N COPh
Ph/\/\< o5

46  SO:Ph

™ COCH,
PO)OMe), 3

oh Y COCH,
Phﬁp(oxom‘e)z 20

48

6 49R'=CO,Et, R*=CH, 8 EtOOCMCOOEt 85

50 COOEt

5 13R'=Ph,R®=CH, 12 "

=

7 49R'=CO,Et, R®=CH, 9 Etooc/\/\<C0Ph 83

51 COOEt

MCOPh 81
8 49R'=CO,Et,R*=CH, 10 EtOOC

52 SO,Ph

El Ef

9 53R'=Ph, 8 1000, COOEt 68
2= NS

R? = CH,NHBoc on” N

[2] All reactions were carried out with 5 mol % of Pd(PPh;),
and 10 mol % acetic acid in 1,4-dioxane at 100°C for 12 h.

(b1 1.2 equivs. of pronucleophiles were used.

[l Yields of isolated products based on alkynes.

er 54 in 68% yield while another regioisomer could not
be detected at all (entry 9).

A proposed mechanism for the allylation of C-nucle-
ophiles with alkynes under Pd(0)/acetic acid is shown
in Scheme 2. The initial step would be hydropalladation
of 13 with the hydridopalladium species 55 generated
from Pd° and acetic acid (catalytic cycle I)."" The result-
ing vinylpalladium species 56 would produce phenylal-
lene 57 and the active catalyst 55 via B-elimination."”)
Hydropalladation of 57 with 55 would give the m-allyl-
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Phx""Ny

Ph———Me
14 13
H-Nu /\ /R
LOAc H Pd-OAc
‘d

P H
H-Pd-OAc PH
e = I I
Ph 55 H H

Ph
57

Scheme 2. Proposed mechanism for the allylation of C-nucle-
ophiles with alkynes.

palladium species 58 which reacts with a pronucleophile
to give the product 14 along with the hydridopalladium
55 (cycle II).

Conclusions

In summary, we have developed an efficient method for
the allylation of carbon pronucleophiles with simple al-
kynes using the palladium/acetic acid combined catalyt-
ic system. Thus, we are now in a position to allylate a va-
riety of active methylenes and methynes by using this
newly developed procedure. The reaction possesses sev-
eral synthetically attractive features: (1) simple proce-
dure allowing large-scale preparation, (2) high regiose-
lectivity, (3) the ease of the preparation of the substrates,
especially in the case of the intramolecular reactions,*
(4) no base is needed to generate the nucleophile, (5) no
need for dry solvent, (6) possibility of asymmetric ver-
sion. Furthermore, to the best of our knowledge, the
present reaction is the first example for the formal allylic
substitution reaction with simple alkynes, which enables
one to carry out an eco-chemical process without liber-
ating leaving groups. Further attempts to make this reac-
tion enantioselective, are now underway in our labora-
tory.

Experimental Section

Reaction of Methylmalonontrile with 1-Phenyl-1-
Propyne; Typical Procedure

To a mixture of 1-phenyl-1-propyne 13 (0.20 g, 1.72 mmol), di-
ethyl malonate 8 (0.33 g, 2.07 mmol), Pd(PPh;), (0.099 g,
0.086 mmol) in dry 1,4-dioxane (5 mL) was added acetic acid
(0.010 g, 0.17 mmol), and the mixture was stirred for 12 h at
100°C. The reaction mixture was then filtered through a short
silica gel column using ether as an eluent, and the filtrate was
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concentrated. The residue was purified by a silica gel column
chromatography (hexane/AcOEt, 4:1) to give 43; yield:
0.44 g (92%).

Supporting Information

Experimental details, characterization data of all compounds,
"H NMR spectral data of compounds 43—48 and 50—54 (15 pa-

ges).
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