Tetrahedron. Vol. 25, pp. 4187 t0 4195. Pergamon Press 1969. Printed in Great Britain

ORGANIC SYNTHESES BY MEANS OF NOBLE METAL
COMPOUNDS—XL!
PALLADIUM-CATALYSED CARBONYLATION OF ALLYLIC ETHERS

S. IMAMURA and J. Tsun
Basic Research Laboratories, Toyo Rayon Co., Ltd. Kamakura, Japan

{ Received in Japan 31 March 1969; Received in the UK for publication 16 April 1969)

Abstract—Palladium catalysed carbonylation of allylic ethers, especially 1,4-diethoxy-2-butene has been
carried out. Hexenedioate, S-ethoxy-3-pentenoate, 2-ethoxymethyl-3-butenoate, 3-pentenoate, penta-
dienoate were obtained and the mechanism of the allylic carbonylation and competing reactions are
discussed.

INTRODUCTION

WE HAVE reported the carbonylation of n-allylpalladium chloride to form 3-butenoic
acid derivatives.2

cul Opd + CO —— CH,=CH—CH,CO—X
\\‘ /N 2 2
cf, c

Furthermore, allyl chloride can be carbonylated in the presence of a catalytic
amount of palladium chloride, palladium complexes or even metallic palladium.® In
this catalytic carbonylation, n-allyl complex formation as an intermediate of the
carbonylation reaction is assumed. The complex formation from palladium chloride
and allyl chloride or allyl alcohol is a reported reaction.* 3 Especially, allyl chloride
and palladium chloride form the complex most easily by the action of carbon
monoxide.® In addition, the complex formation by oxidative addition of allyl bromide
to metallic palladium has been reported.’

We have investigated the carbonylation of allyl ethers catalysed by palladium
chloride and the resuits are reported in this paper. ‘

RESULTS AND DISCUSSION

Carbonylation of allyl ethers. In addition to allyl chloride and alcohol, we have
briefly reported that allyl ethers, allyl esters can be carbonylated in the presence of a
catalytic amount of palladium chloride.® Carbon monoxide is inserted into the allylic
position to form B,y-unsaturated esters from allyl ethers and acid anhydrides from
allyl esters in an aprotic solvent. In these catalytic carbonylations of allylic compounds,
the presence of chloride ion source is essential, and palladium chloride, =n-
allylpalladium chloride or metallic palladium combined with hydrogen chloride
are suitable catalysts.

For the catalytic cycle, n-allylic complex formation from allyl ether or ester seems
to be essential, but the n-allyl complex formation from allyl ether and allyl ester is not
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known. Therefore, at first the possibility of the n-allyl complex formation by the reac-
tion of allyl ether or allyl ester with palladium chloride in methanol in the presence of
carbon monoxide was investigated, and facile formation of the n-allyl complex was
confirmed.

CH,=CHCH,OR CH
co C/,» N 7

NN
CH, cl

or} + Na,PdCl,
CH,=CHCH,0COR

Thus the catalytic cycle in the carbonylation of allyl ether can be explained by the
following scheme. Similar mechanism was proposed for the carbonylation of allyl
chloride by Helden.® .
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At first, n-allylcarbonylpalladium chloride (I) is formed. Coordination of the olefinic
bond of the allyl ether is accompanied with carbon monoxide insertion into the =-
allyl system (II — III). Formation of a new r-allyl system (IV), followed by carbon
monoxide coordination regenerates n-allylcarbonylpalladium chloride (I), with
liberation of 3-butenoate. During this process, the alkoxy group is intermolecularly
transfered from one to the other (III — IV). From this mechanism, it is expected that
the allylic carbonylation reaction of allyl ether is not a simple carbon monoxide
insertion at the allylic position. Instead, the allylic C—O bond should be cleaved to
form the allyl complex. In order to prove this possibility, the carbonylation of an
equimolecular mixture of allyl ethyl ether and crotyl methyl ether was carried out in
benzene. If the reaction is the simple carbon monoxide insertion, ethyl 3-butenoate
and methyl 3-pentenoate should be formed selectively. The experiment, however,
showed that the four possible esters were formed in nearly equal amounts showing
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that the carbonylation proceeds through the cleavage of the C—O bonds with com-
plete exchange of MeO and EtO.

CH,—CHCH,CO,Et

CH,—CHCH,OEt +co __Fdc CH,=CHCH,CO,Me

CH,CH=CHCH,OMe¢ - —  \ CH,CH=CHCH,CO,Et
CH,CH=CHCH,CO,Me

These experimental results can be explained by the mechanism of the carbonyla-
tion of the allylic ether shown above.

Carbonylation of 14-diethoxy-2-butene. The carbonylation of 1,4-diethoxy-2-
butene in the presence of palladium catalyst was then carried out in ethanol. This
compound has two allylic ether groups and the catalytic dicarbonylation is expected

TABLE 1. CARBONYLATION OF 1,4-DIETHOXY-2-BUTENE (V)

Solvent Catalyst Reaction Products (g)
Vg

ml g temp V VI VI Vil IX X X
6 EtOH PdCl,

20 05 60 49 02 ol 02 07
6 PdCl,

20 05 90 21 o5 14 09
6 PdCl,

20 05 110 18 04 18 07
6 PdCl,

20 05 130 17 04 14 OS5
6 Pd(acac),

20 10 160 14 07 26 05 08
10 PdCl,

30 05 110 52 10 08 13 10

6 benzenc* Pd/c (10%)
20 05 90 02 15 27 03 03 07 01

10 benzene PdCl,
30 1 125 05 24 55 03 06

10 benzene PdCl,
40 2 115 02 20 26 03 1-5 02

' All reactions were carried out CO pressure 100 atm for 20 hr.

2 When benzene was used as the solvent, the products were treated with EtOH before isolation.

3 The products were determined by gas chromatography (Silicone DC, 550, 180° and/or 120°; Squalene,
120°; Apiezone, 120°).

* Saturated with HCIL.
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to form diester. We have found that the reaction carried out under various conditions
gave several products shown below. The results are shown in Table 1.

EtOCH ,CH=CHCH,OEt + CO + EtOH PdCl,
\
( EtO,CCH,CH—CHCH,CO,Et CH,;=CHCH=CHCO,Et

VI X
EtOCH,CH=CHCH,CO,Et EtOCH,CHCH—CH,

VI (l)Et

J XI
CHFCH(':HCH’OB EtOCH,CH=CHCH,

CO,Et XII

viII
| CH;CH=CHCH,CO,Et CH,CH=CHCH,
IX XIII

Apparently the reaction was not a simple dicarbonylation. The reaction actually
occurred can be classified into the following competitive reactions.

1. Dicarbonylation to give hexenedioate (VI).

2. Monocarbonylation to give 5-ethoxy-3-pentenoate (VII) and 2-ethoxymethyl-3-

butenoate (VIII).

Monocarbonylation, followed by hydrogenolysis to give 3-pentenoate (IX).

Monocarbonylation, followed by 1,4-elimination to give pentadienoate (X).

. Allylic rearrangement of 1,4-diethoxy-2-butene to 1,2-diethoxy-3-butene (XI).

. Hydrogenolysis of 1,4-diethoxy-2-butene to give 1-ethoxy-2-butene (XII) and 2-
butene (XIII).

All these reactions are catalysed by the palladium catalyst and the mechanism of these
reactions are discussed in the following.

At first the m-allylic complex (XIV) is assumed to be formed from 1,4-diethoxy-2-
butene (V). Carbon monoxide attack on the complex should give the 5-ethoxy-3-
pentenoate (VII) as a main product and 2-ethoxymethyl-3-butenoate (VIII) as a
minor product by the simple carbon monoxide attack on the allylic complex. Also
(V1) is formed by the dicarbonylation.

s w

EtO,CCH,CH=CHCH ;—CO,Et

(|ZH20Et / VI
CH EtOCH,CH=CHCH,CO,Et

//, \\ /.’ /_/
V + PdCl, —— CHi VII

Pd
SN
CH; a \CH,——‘CH—CH—CHIOEt

XIv CO,Et
VI
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In order to prove the intermediacy of the complex X1V, the complex was synthesized
from butadiene in ethanol.!! The carbonylation of the complex gave hexenedioate
{VI)}, 3-pentenoate (IX) and pentadienoate (X) accompanied by a small amount of 2-
ethoxymethyl-3-butenoate (VIII), showing that the complex is the intermediate of the
formation of these esters in the carbonylation of diethoxybutene.

CO/ROH
CH,=CH—CH=CH, + PdCl; + EtOH —» XIV

VL IX, X

In this case, 5-ethoxy-3-pentenoate (VII) was not obtained. That VII is the inter-
mediate of VI, IX and X was shown by the following experiment. When 5-ethoxy-3-
pentenoate (VII) was subjected to the palladium chloride catalyzed carbonylation,
the above shown three esters were actually obtained.

d:
EtOCH,CH=CHCH,CO,Et 2%y x, x

Formation of VI, IX, X from VII can be explained in the following way. The ester
VIl is an allylic ether and can form another x-allylic complex (XV). Carbon monoxide
attack on this complex gave hexenedioate (VI).

CH,CO,Ex
CH
vl — cit{ " + €O + EOH — Et0,CCH,CH=CHCH,CO,Et
ANPARN
ci, “a VI
XV

In addition to the carbon monoxide attack, the complex XV undergoes following
competitive reactions. 3-Pentenoate (IX) is formed by hydrogenolysis and this reac-
tion is more predominant in the medium containing higher concentration of hydrogen
chloride. Exact source of hydrogen is not known.

XV -+ CH;CH=CHCH,CO,Et
IX

1,4-Elimination is another possible reaction. Elimination of proton next to the
carbonyl produces 2,4-pentadienoate. Characteristic NMR spectrum of this ester is
shown in Fig. 1.

=]
\CH—CO Et

CH -— CH,=CHCH=CH—CO,Et
) / J \ z ) 2

XV
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FiG. 1 NMR Spectrum of ethyl 2,4-pentadienoate.
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The 1,4-elimination is a general reaction for this type of ester. We reported the
formation of 2,4-hexadien-1,6-dioate from 3-hexen-1,6-dioate by the 1,4-elimination
reaction through rn-allylic complex formation.®

The allylic rearrangement is another important reaction catalysed by palladium.
It was confirmed that 1,4-diethoxy-2-butene rearranges easily to 1,2-diethoxy-3-
butene as shown in Table 2. For this rearrangement, the presence of carbon monoxide

TABLE 2. REARRANGEMENT OF |,4-DIETHOXY-2-BUTENE IN ETHANOL

EtOH PdCl, Products 7
ml g Temp
g A B
6 20 05 60 s4 46
6 20 05 9 2 14
10 30 1 80 45 30

A. l4-diethoxy-2-butene;
B. 1,2-diethoxy-3-butene.
All reactions were carried out under N, pressure (20 atm) for 20 hr.

and alcohol is not necessary and palladium is an essential catalyst. Recently the
palladium catalysed allylic rearrangement of 1,4-dichloro-2-butene to 1,2-dichloro-3-
butene was reported.!® The allylic rearrangement seems to be possible by the follow-
ing mechanism through palladium complex formation.
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EtOCH,CH=CHCH OFt
/ \4 \
CH, Cl H oex

C& /_l"d XI1v CH) H/\) ~a

H,OEt éH,OEt

CH,=CH—(IIHCHZOEt
OEt

XI

Thus all reactions observed in the carbonylation of diethoxybutene (V) can be
explained by the formation of n-allylic complex from the allyl ether. Carbonylation
carried out in benzene was somewhat slower than in ethanol Carbonylation in
benzene, followed by ethanolysis gave similar products, except less extensive hydro-
genolysis.

EXPERIMENTAL

Apparatus and materials. 1,4-Diethoxy-2-butene was synthesized from 1,4-dichlorobutene by Williamson's
cther synthesis, b.p. 118-120°/130 mmHg. The NMR spectra were determined on Varian high resolution
spectrometer model DP 60 using TMS as an internal standard, and expressed by z. They are summarized
in Table 3. The carbonylation was carried out using a glass vessel having a gas inlet capillary, which was
placed in a stainless steel autoclave.

n-Allyl complex formation from allyl ether. Allyl ethyl ether (2 g) and sodium chloropalladate (2 g) were
dissolved in MeOH (30 ml) and water (1 ml) was added. CO was passed until brown color of the soln
disappeared. After removing a small amount of precipitated Pd, CH,Cl, (30 ml) was added. The soln was
washed with water and dried. When the solvent was evaporated, n-allylpalladium chloride (09 g) was
obtained as yellow crystals and identified by IR spectrum and m.p. Similarly the complex was obtained
from allyl acetate.

Carbonylation of allyl ethyl ether and crotyl methyl ether. Allyl ethyl ether (3 g) and crotyl methyl ether
(3 g). benzene (17-5 g) and PdCl, (0-5 g) were subjected to carbonylation at 130° under CO press (150 atm)
for 20 hr. By gas chromatography, the formation of methyl vinylacetate (1-21 g, 0-012 mole), ethyl vinyl-
acetate (1-43 g, 00013 mole), methyl 3-pentenoate (1-45 g, 0013 mole), ethyl 3-pentenoate (153 g, 0-012 mole)
was confirmed. Each ester was separated by preparative gas chromatography and identified by IR and
gas chromatography with an authentic sample.

Carbonylation of 1,4-diethoxy-2-butene in ethanol. Diethoxybutene (10 g) EtOH (30 ml) and PdCl, (1 g)
were placed in the glass vessel and the reaction was carried out in a 300 ml autoclave under CO press
(150 atm) at 110° for 20 hr with shaking. The reaction mixture was poured into ether, and the ethereal
soln was washed with water and dried with MgSO,. Ether was evaporated and the residue was subjected
to distillation to give two fractions; A (90°/100 mmHg ~ 100°/27 mmHg) 4-2 g and B (&S 954 mmHg)
52 g. The fraction B was redistilled and pure ethyl 3-hexendioate was obtained. b.p. 95°/4 mmHg. (Found :
C, 59-62; H, 8-20; Mol. Wt,, 206: Calc. for C,,H,¢0,: C, 5-98; H, 805%; Mol. Wt 200). Ethyl hexendioate
was hydrogenated and hydrolysed to give adipic acid, m.p. 152°. The fraction A was found to contain 5
components by gas chromatography (Apiezone and silicone DC 550) and these components were separated
by preparative gas chromatography to give 3,4-diethoxy-1-butene, ethyl 3-pentenoate (1-3 g), ethyl 2,4-
pentadienoate (10 g), ethyl 2-ethoxymethyl-3-butenocate (0-8 g), and ethyl 5-ethoxy-3-pentenoate (10 g).
These products were confirmed by the following way. NMR spectra are summarized in Table 3.



TaABLE 3. NMR SPECTRA

NMR t (multiplicity)
Ester group Ether group Olefinic Allylic
Compound
i N
H/_\ R R
CH;— —CH,— | CH;— —CH,— A —CH=CN— =CH—CHCO =CH—CH—0—
1,4-Diethoxy-2-butene 8:86 (3) 658 (4) 4-30 (m) 612 (4)
H, 480 (4)
1,2-Diethoxy-3-butenc 655 (2) Hp 4-87 (4
8:86 (3) 653 (4) Hc 423 (8) 620 (4)
Ethyl hexenedioate 870 (3) 5-87 (4) 4-:34 (m) 692 (m)
Ethyl 5-ethoxy-3-pentenoate* 8-76 (3) 591 (4) 8-85(4) 6-59 (4) 4:34(6) 700 (2) 611 (2)
H, 487 (9)
Ethyl 2-ethoxymethyl-3-butenoate 6:52 (4) Hy 488 (4)
877(3) 588(4) | 887(3 656 (4) Hc 418 (8) 6-66 (m)
Ethyl 3-pentenoate 877 (3) 592 (4) 4-50 (m) 7-06 (m)
H, 440(2)
Ethyl pentadienoate* Hpy 456 (2) Hp 2-81 (4)
874(3) 5874 H¢ 3:55(6) Hg 414 (2)

* 100 Mc.
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Ethyl trans-3-pentenoate. Identified with an autheatic sample obtained by the carbonylation of butadiene
by IR and NMR spectra. On hydrogenation, ethyl valerate was obtained. (Found: C, 65-32; H, 9-40;
Mol Wt,, 144, Calc. for C,H,,0;: 65-59; H, 9-44%; Mol. Wt., 128-2); IR 1740, 1660, 965 cm ™.

Ethyi 2,4-pentadienoate. (Found : C, 66:32; H, 8-02; Mol Wt,, 143, Calc. for C,H(O,: C,66:64; H, 7-99%);
Mol Wt,, 1262); UV A% 247 my ¢ = 24,300; IR ; 1715, 1650, 1600, 1265 cm~'. Characteristic NMR
spectrum of the diene system of this ester is shown in Fig. 1. By hydrogenation, ethyl valerate was obtained.

Ethyl-2-ethoxymethyl-3-butenoate. (Found: C, 6301; H, 9-18; Mol. Wt, 171'5. Calc. for CoH,403:
C, 62:76; H, 9:36%); MoL Wt., 172:2); IR: 1740, 1645, 1105, 990, 910 cm "~ !

Ethyl 5-ethoxy-3-pentenoate. (Found: C, 62:58; H, 931, Mol., Wt 173-5; Calc. for CoH,05: C, 62:76;
H, 9:36%); Mol Wt 172-2); IR: 1740, 1105, 965 cm ~*. By hydrogenation, ethyl valerate was obtained.

Carbonylation of 1-ethoxymethyl-n-allylpalladium chloride. The complex was prepared by the Shaw's
method.!! The complex (42 g) was mixed with EtOH (20 ml) in the glass vessel The carbonylation was
carried out at 60° for 20 hr under CO press (150 atm). After the usual work-up, formation of the following
compounds was confirmed by gas chromatography: ethyl 3-pentenoate (0-6 g), ¢thyl 24-pentadienoate
(0-2 g), ethyl 3-hexenedioate (0-7 g), ethyl 2-ethoxymethyl-3-butenoate (trace).

Carbonylation of ethyl 5-ethoxy-3-pentenoate. The ester (5 g), EtOH (20 ml) and PdCl, (0-5 g) were placed
in the glass vessel. The carbonylation was carried out at 90° for 20 hr under CO press (150 atm). Formation
of the following compounds was confirmed by gas chromatography: ethyl 3-pentenoate (0-3 g), ethyl
2,4-pentadienoate (06 g), ethyl 3-hexenedioate (4-8 g).

Allylic rearrangement of 14-diethoxy-2-butene. 1,4-Diethoxy-2-butene (6 g) PdCl, (0-5 g) and EtOH
(20 ml) were placed in the autoclave and heated at 60° under N, (30 atm) for 20 hr. After usual work-up,
3,4-diethoxy-1-butene and 1,4-diethoxy-2-butene were separated by preparative gas chromatography.

3,4-Diethoxy-1-butene. (Found: C, 66-81; H, 1103, Mol Wt, 144. Calc. for CgH,;0,: C, 66:63; H,
11-18%, Mol. Wt,, 144); IR : 1650, 1105, 995,910 cm .
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