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The oxidative carbonylation of olefins in the presence
of palladium(II)/copper(Il) as catalyst vyields 8-
substituted and/or oa—B unsaturated carboxylic acid
derivatives. The palladium-catalysed carbonylation of
allylic compounds affords B—y unsaturated carboxylic
acid derivatives, while tertiary allylamines can be
- converted into y—amino acids.

The interaction of conjugated and cumulated dienes
with n—allylic palladium complexes is described as
part of the palladium-catalysed synthesis of polyun-
saturated carboxylic acid derivatives from a diene, an
alcohol and carbon monoxide or from a diene, an
allylic compound and carbon monoxide.

The kinetics and mechanisms of these reactions are
discussed.

Introduction

Some time ago (1960) it was found in our Labora-
tory' and elsewhere®? that ethylene, in the presence of
acetates, reacts with palladium salts in non-aqueous
solvents (e.g. acetic acid) to produce vinyl acetate.
Our work was based on the assumption that coordin-
ation of an olefin to palladium salts should facilitate
the attack of free or coordinated nucleophilic agents
(OCOR, OR, CO, CN, etc.) at the olefinic carbon
atoms.

It initiated a general study of the interaction of
Pd-olefin and Pd-w-allyl complexes with various nucleo-
philic compounds in nonaqueous solvents'*®. The
present paper describes work carried out in 1963-1965
and reported mainly in the patent literature’ on synth-
etic and mechanistic aspects of the interaction of un-
saturated compounds and carbon monoxide in the
presence of Pd complexes. On this subject only a

(*) Paper presented at the First Inorganica Chimica Acta Symposium
Venice, September 1968.
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few studies have been published by other workers;
for a discussion of this work the reader is referred to
the literature.!*

I. The Carbonylation of Olefins. When the yellow
C:H, . PdCl; complex is reacted with CO (1 atm, 20
°C) in various solvents (e.g. benzene) $-chloropropionyl
chloride is formed (50%). The Pd part of the com-
plex is converted into (PdCOC;); and (Pd:ClI(CO)2)n
complexes (cf. Section I1.3). The rate is increased
considerably when the reaction is carried out under
pressure; for instance, at 40 atm the reaction is com-
plete within 15 minutes, Interaction of ethylene and
CO with palladium acetate in acetic acid yields 8-
acetoxypropionic acid.

With propylene and vinyl chloride (90 °C, 90 atm)
B-chlorobutyroyl chloride and (,8-dichloropropionyl
chloride are obtained, respectively (42%). This stands
in contrast to the reaction with OH™* and OAc~,
where the most highly substituted carbon atom is
attacked.

We found that the reaction between a-olefins, CO
and Pd(OAc); can be made catalytic. A one-step re-
action of ethylene, carbon monoxide and oxygen at
140-150 °C in acetic acid/acetic anhydride with a
catalyst combination of LiCl (0.50 mole/1), Pd(OAc),
or PdCl; (0.014 mole/1) and CuCl, (0.25 mole/1)
produced B-acetoxy-propionic acid at a rate of 2
mole . 17! . h~! with"a selectivity of 85% at 60 atm.
The reaction can also be performed at 1 atm and 90
°C (rate 0.2 mole .1"!.h™1),

With c-olefins similar results were obtained; buta-
diene yielded vinylacrylic acid.

R—CH = CH,+CO+ .;- 0, —"%»

—HOA 20
R—CH—CH—~COOH ———— R—C = c—cZ (M)
| Pyrolysis OH

OAc

The presence of alkali ion in the system is essential
for a high rate and high selectivity.

(11) J. Tsuji et al., Tetrahedron Letters, 1963, 1811; ibid., 1964, 605.
J. Tsuji et al., ]. Am. Chem, Soc., 86, 4350 (1964).
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(16) E. W. Stern, Catalysis Reviews, 1, 89 (1967) and references given
there.
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In analogy to the synthesis of vinyl acetate!” it may
be assumed that the carbonylation proceeds via species
of the type C.Hs.PdCLCO (D).

The results with the substituted olefins' suggest that
the attack on the olefin starts with chloride—being
more nucleophilic thanCO—followed by attack of CO
on the other olefinic carbon atom:

R_GCH 8 _CO _CHZ Dco
+8 /pd\ _’R_? \Qed\T -
Cl ct &t CL
|
0 @)
H I o
R—C—CH,~C—CL *+Pd

|
cl
(R=H, ALKYL,CL)

A detailed account of our studies on the carbonylation
of olefins will be published separately.”

I1. Carbonylation of Allylic Compounds. When
the reaction outlined in the previous section was
performed with allyi chloride the result was remar-
kable: carbon monoxide entered between the carbon-
halogen bond, yielding vinylacetyl chloride in a cataly-
tic reaction:

CH, = CH—CH.Cl+CO P—d-a> CH; = CH—CH~COCl (3)

This result led to the hypothesis that reaction (3)
proceeds via w-allyl PdCl complexes. In fact, the
latter were found to be excellent catalysts for this
type of reaction.

The carbonylation of allylic chlorides is also possi-
ble in the presence of Ni(CO)s; in hydroxylic sol-
vents.”® In this case the yield was low, because side
reaction (4) destroyed the catalyst:

2CH, = CH—CH.Cl+ Ni(CO), —>
(CH, = CH—CH,.),+ NiCL+4CO 4

Evidence has been obtained that this reaction also
proceeds via w-allyl . Ni complexes.”

With tris[ tris(p-fluorophenyl)phosphine ] platinum?®
only the carbonylation of allyl alcohol was studied.
Very low yields (1-5%) were obtained. In this case,
too, w-allyl complexes were assumed to be intermedia-
tes in the carbonylation.

1.. Interaction of allyl chloride and carbon mon-
oxide in the presence of palladium compounds.

a. Preliminary experiments. In a typical experi-
ment allyl chloride (2.2 mole/l) was reacted with
carbon monoxide (90 °C, 85 atm) in dimethoxyethane
(DMC) as solvent, (n—C;Hs.PdCl). being used as
catalyst (0.028 mole/l). After 112 hours the con-

(17) D. Medema, C. F. Kohil, and R, van Helden, to be published.
(;8) J. Smidt et al., Angew Chem., 71 176 (1959); ibid., 74, 93
(1962).
(19) G. P. Chiusoli, Chim. e Ind. (Milan), 41, 503 (1959).
. Chiusoli and L. Cassar, Angew. Chem., 79, 177 (1967).
. Heck, J. Am. Chem. Soc., 85, 2013 (1963).
. Parshall, Z. Naturforsch., 17b, 772 (1963).
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version was 90% with a selectivity towards vinylacetyl
chloride of 95%. [n—Allyl.RhClL;], and [(m—allyl); .
RhCI]® can also be used as catalysts, but then the
activity is much lower owing to the formation of the
stable complex (Rh(CQO),Cl),. The reaction can be
carried out in various solvents (CCL, benzene, DMC),
or in the absence of a solvent (c¢f. Section II.1b).

Other palladium compounds can also be used as
catalysts, the reaction rate increasing in the order
(Table I):

Pd<€PdClL = (CH,CN). . PACl, < (m—C;H; . PACL)..

With wm-allylpalladium chloride the carbonylation
started immediately, whereas with Pd, PdCl, and even
with the benzene-soluble bis(benzonitrile)palladium
chloride (PhCN),PdCl; an induction period of about
20 minutes was observed. This can be explained by
assuming that the true catalyst in this reaction was
a z-allyl-palladium complex, which in the experiments
with Pd, PdCl, and (PACN),JdCl, was not present at
the beginning of the reaction. A confirmation of this
assumption may be that both Pd and PdCl; react with
allyl chloride to form m-allylpalladium chloride.

The assumption that the latter is the actual catalyst
is also indicated by the fact that this complex (0.16
mole/1) reacts with CO under the same conditions to
yield vinylacetyl chloride (45 % m) and palladium
metal:

CH cl c
RN 2K

HC Pd”  Pd CH +2 cCO—>
N % -

'CH, cl CH, )

2 CH,=CH~-CH,~ COCL + 2 Pd

Long reaction periods in the catalytic carbonylation
(> 6 h) led to the formation of small amounts of
the more stable conjugated crotonyl chloride in addi-
tion to vinylacetyl chloride.

b. Influence of concentration of allyl chloride, car-
bon monoxide and (w-allyl.PdCl); solvent effect.
The reaction was studied kinetically by measuring the
CO consumption as a function of time. Using 1,2-
dimethoxyethane (DMC) as solvent we found the
reaction to be first-order with respect to the allyl
chloride and the (=-C;Hs.PdCl); concentration (Fi-
gure 1 and 2). With benzene and particularly with
carbon tetrachloride as solvent the deviation from
first-order at high conversions (Figure 1) is related
to the formation of insoluble complexes (cf. Section
I1.3), which separate during the redction. When the
latter complexes are used in a subsequent carbonyl-
ation experiment they show a somewhat lower acti-
vity than in the one starting with (C;HsPdCl),.

It was further found that the rate of reaction is
proportional to the square of the carbon monoxide
pressure (Figure 3a and 3b).

From Figure 1 and 4 it will be seen that type and
amount of solvent have a pronounced influence on

(23) D. Medema and R. van Helden, « Synthesis and reactions of
Te-allyl Rh complexes », to be published.



Table I.  Effect of type of palladium catalyst on rate of carbonylation of allyl chloride

Substrate: 0.2 mole of allyl chloride Injtial pressure: 76.8 atm
Amount of solvent: 75 ml of benzene Reaction temperature: 90°C
Conversion into vinyl acetylchloride, %m

10 min 30 min 1h 3h 5h
[®—C:H; . PdC1],, 2.5 mmole 12 36 48 70 80
(PhCN), . PdCl,, 5 mmole <2 4 12 59 71
PdCl,, 5 mmole <2 6 13 38 65
Pd,** 5 mat 0 <2 <2 4 6

* After 24 h: 35 %m. ** Finely divided Pd metal, freshly prepared.
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Figure 3a. Carbonylation of allyl chloride. Dependence of
rate on allyl chloride concentration at various carbon mono-
xide pressures. a = fraction of allyl chloride converted into
vinylacetylchloride. Conditions: pressure: ©®-90 atm,®-76 atm,
®-40 atm, @-20 atm, allyl chloride: 2.2 mole/l; =—allyl PdCl:
0.028 mole/]; temperature: 94-95°C; solvent: DMC.
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Figure 1. Carbonylation of various allylic compounds. De- ol
pendence of rate on concentration of allylic compound.
a = fraction of allylic compound converted into unsaturated sl
acid derivative. Conditions: 1, 2, 3 see Figure 2. 4, 5, 6, y
7, 8 temperature: 90°C; initial CO pressure: 76.8 atm; cor- o L L L L L L L L L .
responding w-allylic PdCl catalyst: 0.028 mole/l. otz 3 4 5 & 7T 8 93 %
%
L, Figure 3b. Carbonylation ot allyl chloride. Dependence of
';“_° amin! rate on carbon monoxide pressure k' = first-order rate con-
. stant (cf. Figure 3a), plotted versus square of CO pressure..
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Figure 2. Carbonylation of allyl chloride. Dependence of Figure 4. Carbonylation of allyl chloride. Dependence
rate on catalyst concentration. k' = first-order rate constant of rate on benzene/allyl chloride molar ratio. Conditions:.
(cf. Figure 1). Conditions: temperature: 95°C; CO pressure: temperature: 90°C; initial CO pressure: 76.8 atm; (m—
94 atm; allyl chloride: 2.2 mole/l; solvent: dimethoxyethane. C;H;PdCl),;: 0.028 mole/l.
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the rate. The difference in rate in DMC, benzene
and CCL may be related to the basicity of the sol-
vent; the rate decreases in the order:

DMC >benzene > CCl,
k'(min™") 0.019 0.014 0.010

((m—C;Hs PdCl),: 0.028 mole/l; 90°C; 76.8 atm CO).

The differences between the various solvents can-
not be explained by a difference in solubility of car-
bon monoxide, because the latter increases in the
order: benzene < CCly<DMC.

The results may be described by the following me-

chanism. In two consecutive fast steps a five-coor-
dinated species is formed. The latter — having 18
electrons in the outer shells of the Pd atoms — is

unstable and transforms into a four-coordinated spe-
cies (Il by splitting the PdCL,Pd bridge.

c1
'1

<Pd Pd> + CO = Pd Pd>
1

6)

K, GO co
corl = Pd—CL - Pd > Y

» & Cl .
]

In a more basic solvent the formation of Il may
be enhanced through the formation of weak bonds
between the four-coordinated Pd atom and a solvent
molecule.

In the presence of allylchloride the solvent mole-
cules in Nl are displaced by allylchloride, yielding 1t:

Cco
SN
Pd )} :
| 7
cl ®

CH,=CH-CH,CL
m

ki
e CGHCl ==
@ K

The five-coordinated species NI gives vinylacetyl
chloride + I:

It - CH,=CH—-CH~—~COCI+1 (C)]
(P
1+CO =1 (10)

If it is assumed that (8) is the rate-determining
step and that the stationary-state principle holds for
the intermediates I, Il and M, the rate equation is
given by:

£ k1k1k!

= 7o [PLICOTIA]. (11

At constant [CO] and [D] this leads to:

dP
< = kAl 12
m [A] (12)
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in which:
kl = K,K;k;[D][CO]Z (13)

It must be pointed out, however, that a similar re-
lationship is found when (9) is assumed to be rate-
determining (cf. Section II.2a).

c. Effect of triphenylphosphine. It was found that
a strong donor like PPh; has a pronounced influence
on the reaction rate. In the presence of PPh; the
reaction is also first-order with respect to the allyl
chloride concentration (Figure 5). The rate — expres-

~log(t-a)
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Figure 5. Carbonylation of allyl chloride in benzene solution.
Effect of triphenylphosphine on rate. Conditions: tempera-
ture: 90°C; initial CO pressure: 76.8 atm; allyl chloride: 2.2
mole/; (n—C;HsPdCl),: 0.028 mole/l.

CONVERSION OF ALLYL CHLORIDE
INTO VINYLACETYL CHLORIDE, %m

U minet
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Figure 6. Carbonylation of allyl chloride. Effect of PPh;/Pd
molar ratio on rate and conversion k' = first-order reaction
constant. Reaction time: 50 min.



sed by the first-order rate constant — passes through
a maximum at a PPh;/Pd molar ratio of 0.5 (Figure 6).
At higher PPhy/Pd molar ratios an induction period
is observed (Figure 5) and the rate becomes nearly
zero at ratios higher than four.

In the presence of PPhy — being a very effective
donor — the reaction rate js sbout proportional to
its concentration up to a PPhy/Pd ratio of 0.5, In
this region the role of CO is partly taken over by
PPh;:

3
k\ /," /CI\I N
Pd Pd » PPhy == P Pd ;
K, N M
Ci
C(\
veco <5 < Pa> -

At higher ratios another molecule of PPhy can be
taken up, leading to a species which is inactive for
carbonylation:

K /Cl\ N\
V+PPh, == < Pd Pd }» +CO
. N t \ /l 7 16)

PPh, PPh,

The cffective catalyst concentration is then given by:

[D.]
fo] = an
1+ KlKlK[PPhi]l

with D, = intake of (n—CiH;.PdCl)..
The further steps are the same as in the previous
section:

PPhyy
V + C4H,CL h, <Pd Cl-Pd 3

( Cl // (18)
CHQ-CH CH,CL
Vi
VI — CR,=CH- CH,~COCL + IV (19

P

This leads to the following relationship between
the first-order rate constant and the molar ratio of

PPh;/D,:
PPh; K
0, }

k' = KK:k[CO] (20)
- 1 {PPh,1\!
+KK:K
(0.1 ( [0, )
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The results (Figure 6) fit this relationship quite
well. When PBu; or SnCl; is used instead of PPh;
(motlar ratio 0.5) the rate of the carbonylation reac-
tion is reduced®.

2. Carbonmylarion of other allylic compounds. The
reaction described in the previous section was found
to be a general reaction for allylic compounds; the
corresponding w-allyl Pd chlorides werec used as ca-
talysts:

R.—CH=(|3—CH;—X+CO — H—C=C-CH~COX (1)
|

R, R, R,

(Ri = ClI, alkyl, H; R, = alkyl, H;
X = halogen, OH, OR, OCOR).

Under the same conditions as for allyl chloride con-
versions of 4-80% were obtained in reaction periods
of 6 hours (Tables I and 111). Cycloalkenyl chlo-
rides could also be converted into the corresponding
acid chlorides. The rate was found to be proportional
to the concentration of the allylic compound. This
is shown in Figure 1 for crotyl chloride and allyl-
methyl ether with benzene as solvent. Here, too,
the devijation from the first-order relationship at high
conversions is related to the formation of insoluble
complexes {cf. Section 11.3).

Structural factors in the allylic compound were
found to have a strong influence on the carbonyl-
ation rate.

a. Fffect of substituents in the allyl fragment. It
was found that CO always enters at the least sub-
stituted carbon atom in the allyl fragment. For in-
stance, from crotyl chloride oy its isomer methylvinyl
carbinyl chloride the same acid chlonde (trans-pent-3-
enoyl chloride) was obtained at about the same rate.
The same was found for 3,3- or t,3-dichloro-1-pro-
pene; only d4-chlorc-3-butenoyl chloride (cis/frans
ratio = 2) was formed.

CH—~CH=CH—CH.C! o
H H,
co CH—C=C—C—COCl  (22)
: H
CH,=CH—CHC}—CH,

For the allylic chlorides the rate decreased in the
order (Table [I):

allyl 5 crotyl  methylvinyl 3 eyclooctenyl ~ methallyl >
carbinyl
rel. | g5 ~0.04
rate:

> 1—Cl—allyl =~ 4—-Cl—crotyl:
~0.01

The order of reactivities is generally in line with
the ease with which these compounds are coordinated
to the metal (cf. Section I1.1b)., In the case of the
slowly reacting allylic chlorides the conversion could

(*) Studies on the effect various phosphines and arsines on the
rate and NMR studics on the interaction of T-allylic Pd halides with
carbon monoxide will be presented In a separate paper by H. C. Vol-
ger, K. Vricze, |. W. F. M. Lemmers and A. P. Praat (J. Organomet,
Chem., In press).

Medema, van Helden, Kohfl | Palladium-Catalysed Ca_rbonylatibn o/ Unsaturated Compounds



260

Table 1), Carbonylaticn of allylic chlorides with CO with the corresponding w-allylic Pd chloride complexes as catalysts
Conditions: allylic chloride: 0.2 mole benzene: 75 ml r-allylic PdCl: 2.5 mmole
initial pressure: 76.8 atm temperature: 30°C
Starting material Time Product Conversion k'. 10"
h %m min~!

allyl chloride 5 vinylacetyl chloride 80 140
crotyl chloride 6 trans-pent-3-enoyl chloride 72 75
methylvinyl carbinyl chloride 5 trans-pent-3-enoyl chloride 75 80
cyclocten—2—enyl chloride 6 cyclooct-2-enoy! chloride 17 5ess
methallyl chioride 5 isopropenylaceiyl chloride 10* 4ree
3.3—dichloro—1—propene 6 4.chlorovinylacetyl chloride 8 %=
1,4—dichlorcbutene 5 5-chloropent-3-eny! chlonde 3.5 1¥%e

. N . . \_ =In(1~2a) .
*In CCL as solvent a 30% conversion was obtained in 18 hours. ** First-order rate constant given by k == . & being

the fraction of allylic compound converfed into the corresponding acid chloride. *** Values were derived from the amount of
product isolated at the end of the expcriments.

Table . Influence of X in allyl-X with w-allyl. PdCl as catalyst
Conditions: see Table 1I; reaction time 5 h,

Conversion, k', 10¢
Starting material Reaction products % m min !
ailyl ester of vinylacetic acid 60 (ester) _
allyl-OH -+ vinylacetic acid 12 (acid)
allyl-OCH, methylester of vinylacetic acid 9% «= 54
(6]
It vinylacetic and acctic anhydrides 20" Jrerex
ally O—C—CH,
allyl-Br vinylacetyl and crotonyl bromides 25°% [Q==**

* After 12 h 50% conversion, ** w-allyl . PdBr as catalyst. ***Selectivity >95%. **** Values were derived from the amount

of product isolated at the end of the cxperiments,

be increased by using longer reaction times (>20 h) dride:

and higher catalyst concentrations; however, at the

same time isomerization occurred. For instance, part . e pY

of the product obtained from methallyl chloride under CH=CH-CH—C_ CH—~C_
these conditions was isomerized to f},8-dimethyl acry- 2 0 — ,O +
loy! chloride. When methallyl chloride was carbonyf- CH’_'C\\O CH—C

ated with w-allyl . PdC] as catalyst it was found that
the m-allyl group in the catalyst is displaced by
w-methallyl: at the end of the experiment w-methal-
lyt . PAC] and m-methallyl . Pd carbonyl chloride (Vi)
were isolated (10 and 50%, respectively). It must
be mentioned that in the absence of CO exchange
did not occur.

b. Effect of X in allyl-X. The carbonylation reac-
tion can be extended to allyl derivatives other than
allyl chloride (Table I11). The effect of X on the
rate cannot easily be understcod:

Cl~> OCH;= OH 3, Br > OCOCH,

rel. rate: t 0.4 ~0,08 ~0.05

With X = OCH,;, OH, OCOCHj, r-allyl. PdCl was
used as catalyst. Tt was found to be essential that
halide is present in the system. Thus, with allyl ace-
tate in the presence of w-allyl Pd acetate carbonylation
did not occur; the catalyst decomposed into allyl
acetate and Pd metal.

The cacrbonylation products of allyl acetate, vinyl-
acetic and acetic anhydride are presumably formed
by disproportionation of the unstable mixed anhy
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(23)

,0
CHy=CH—CH—C_

S0
CH,=CH—CH,—C

*0

3. Composition and structure of wallylic carbonyl
Pd complexes. The composition and structure of
the yellowish green palladium complexes isolated
at the end of carbonylation experiments were determi-
ned by elemental analysis, IR and chemical reactions.
With methallyl chloride a complex of type Vil was
isolated. TR jndicated w-methallyl groups (3070,
1460, 1333, 830, 780 cm™'), termjnal CO groups
(1934 and 625 cm™') and bridged PdCl bonds (258
and 233 cm™). The elemental analysis of the com-
plex tallied well with (C.H;Pd,Cl,CO),.
Mass-spectroscopic analysis of the pyrolysis products
of this complex showed the presence of methallyl
chloride, pointing to a methallyl group. Reaction of
the complex with CO afforded isopropenyl acetyl
chloride, which also shows that a methallyl group
is present in the complex.

Reaction of VIl with PPh: produced — in virtually
quantitative yields — Pd metal, carbon monoxide and



the two Pd complexes VHI and IX:

¢ gl e
X N

Vit

+2n PPh;——
(24)

nco+n —< pd\Ct ha, Yon (PPhy,PdCl, + %,n Pd
Vil 1X

With allyl and crotyl chlorides similar complexes
could be isolated. Depending on the conversion of
ally! chloride another absorption band appears (1975
cm™") in the spectrum of the insoluble complex iso-
lated. At high conversion a complex with the com-
position (Pd;CI(CO),), can be isolated. This com-
plex shows a lower activity in a subsequent carbo-
nylation experiment. An analogous complex of type
VIl was isolated by Tsuji and co-workers.®

4. Formation of y-amino acids starting from fert-
allyl amines. Further evidence of the formation of
intermediates of type II was obtained from experi-
ments with the complex X. The latter is formed from
PdCl; and N,N-dimethyl allyl amine in methanol so-
[ution.®

Interaction of a benzene solution of complex X in
benzene with carbon monoxide at room temperature
and atmospheric pressure indicated that 2 mole CO/
mole | was absorbed in 3 minutes This fast absorption
was followed by slow formation of Pd metal, which
was complete after standing overnight. Working-up
yielded the hydrochloride of B-methoxy-y-N,N-dime-
thyl-aminobutyric acid (yield 50 %m on X).

CH, CH; o
/ N\ et YR N
MeO —CH B + €0 == [Mme0-Ch Roy | —
CH—N CHpm— N
C“a\CH:J ? crchJ
R
(¢9] (XI) (200cm )
?
cH, CHy—C
/ \_ 0o VAR
Me O—CH l;‘d:c — Meo-CH /Pd\ C2hs0r
{ cr
AN CH,—N_
fcH, CH, CHy
(XI1) (90em™
25)
OMe
CH |
Pd » N— CH,—CH~ Ch .~ COOC;H,
ey
(4750cm ")

The reaction was followed by IR in chloroform
solution. The carbonyl absorption at 2100 cm™
(five-coordinated XI) gradually decreased to zero (20
h). After 20 minutes two other CQO absorptions
were observed (1910 and 1750 cm™), which can be
attributed to the four-coordinated species XH and
the product, respectively. The concentration of the
species corresponding to 1910 cm™' also decreased
to zero.

{24) ]. Tsuj! and S. Hoseka, J. Anm. Chem. Soc 87, 4077 (1965).
(25) A. C. Cope et al., . Am. Chem. Soc., 89, 287 (1967).

261

Upon addition of PPh; to XI (2 mole/mole XI) CO
is immediately and quantitatively released; subsequen-
tly it is absorbed very slowly. The latter is presuma-
bly due to slow displacement of PPhy bound to Pd
by CO.

111, Formation of polyunsaturated Acids from an
Allylic compound, a Diene and Carbon Monoxide.
We found that sw-allyl Pd halides react with buta-
diene by addition of the =-allyl fragrment to the diene,
yielding a new w-allyl complex with seven carbon
atoms. A striking result is obtained when allyl chlo-
ride, butadiene and CO are reacted in the presence
of catalytic amounts of (n—~C;Hs.PdCl):: 3,7-octa-
dienoyl chloride is obtained besides vinylacetyl chlo-
ride; with excess butadiene more dicne molecules can
be built in, leading to a triple-unsaturated C; acid.
We have studied this reaction and the addition of
dienes to allyl PdX complexes separately.

1. Interaction of w-allylic Pd-X complexes with
dienes*. mw-Allylic Pd halides (0.03 mole/l) react
with conjugated dienes (4 mole/l) in benzene solu-
tion (1 atm., 20°C) to form new m-allylic Pd comple-
xes via addition of the allyl fragment to the diene
molecules., We succeeded in isolating these comple-
xes and determining their structure (elementa)l ana-
lysis, IR, NMR, chemical reactions):

chQ g ?3
Rz-C\:{\ Pd, ¢+ CH7CH—-C=CH, —
CH
7/
R]
CH, R,
CHY Pd, ¢+ CHm=CH—C=CH, ——
e
7\
K, oM
CH R, \ .
C R CORRESPONDING HYOROCAR BON (26)
2 0 €90-100%% )
c“ CORRESPONDING ACID
2 (90%a)
gTC.
CH, M
ch’ pa”
R
/ 3

N
|z -CHCH-R,
CH  C-R, C\O\coﬂpssponome HYDROGARBON

2.,

SH, O, CORRESPONDING ACID
(X = Cl, Br, CNS, I; R, and R, = H, alkyl, Cl, COOR;
R, = CH,, H, CD.

Experiments in which we followed the reaction by
IR showed thai the rate increases with increasing
electronegativity of the bridging ligand, viz.:

CF,CO0 = CH,COO > NO, > CI>Br > CNS> .

For the dienes the sequence in reactivity is:

butadiene >isoprene > trans-piperylene
2,5—dimethyl—2,4—hexadiene.

(*) A detafled account ol this work wil be presented by D. Medema
in a thesis.
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It was further found that the conjugated diene
always enters the w-allyl moiety at the most substitu-
ted carbon atom. Further addition of butadiene only
occurred upon the temperature being raised and at
higher butadiene concentrations. Evidently, substi-
tution of an alkyl group on a terminal carbon atom
of the mw-allyl group greatly retards further addition
of the diene. Under the mote stringent conditions
a mixture of complexes is formed. With Ry, Ry,
R; = H hydrogenation yields n-heptane, 5-ethyl no-
nane (no n-undecane could be detected) and a C;s and
Cys hydrocarbon.

In agreement with these results it was found that
the rate of reaction (26) increased with increasing
electron-withdrawing properties of substituents pre-
sent in the w-allyl fragment:

B—C1>B—COOCH, » H> 8—CH,
rel. rate: 10° 1
Kinetic studies with (m-methallyl-PdBr). (C) and

isoprene (I) showed that the rate of disappearance
of C is represented by (Figure 7):

—dC/dt = k,[C][I] = k[C]
(E = 13.8 kcal/mole, A = 10°® mole~' I min~")

With allene as diene the reaction was found to
proceed as follows:

CH CH
- I AL o

Recl PACe & —RrCH=C—CH ¢ PIL ——ETC
R,CH CH, R, CH,
1

@n
(Ry=Cl, COOCH;,, CH;:R,= €I, H,CH3)

CONC OF CONC. OF | TEMP, °C 10%k,,
ISOPRENE, | COMPLEX (C), mole~".L min~'
mole/l mole/L

81.85 2.14 x 1072
0282 245 x 1072 701 118
° 370 214 x 10-2
X 3.70 2.14 x 10-2 796 201
+ 370 214 x 1072 59.5 062
. €
Log E;L
1o
osf-
osl-
oal-
o.2p
1 i i | i 1 L L 1 J
% 2 4 3 8 0

TIME, h

Figure 7. Pseudo first-order kinetics for the reaction of
w—methallyl-palladium bromide with isoprene. Influence of
isoprene concentration and temperature,
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Here, too, the complexes formed could be isola-
ted and identified by IR, NMR and chemical reac-
tions. The rate decrased in the same order as for
the conjugated dienes.

The results indicate that the rate-determining step
is the coordination of the diene to the w-allyl Pd
complex (Figure 8, XII). This is further supported
by the fact that in the presence of PPh; (Pd/PPhi=1)
no reaction with dienes occur.

Butadiene adds on to the substituent-carrying car-
bon atom, contrary to the attack of allene and CO
(¢f. Section II). This difference can be explained
by the fact that butadiene can act as a bidentate
ligand, whereas allene and CO can only act as mono-
dentate ligands for a single metal atom. It may be
expected that the bridge is split at that chlorine atom
which is opposite to the carbon atom which forms
a ¢ bond with Pd in the dynamic allyl form (trans
effect). A o bond will preferentially be formed bet-
ween Pd and the unsubstituted carbon atom of the
w-allyl group. As a result, the second double bond
of butadiene is coordinated in the cis position rela-
tive to the carbon atom carrying the substituent

SLOW. H

% X
/Cl\ X /C AN
< pd  Pd + CoHgy — < Pd_ Pd
NA 7 N
cl G

Xt
X
FAST: o
X —_ ( Py 74\ Pd
N clL
X
Xiv
cl
Xiv W 2 ( Pd ﬁ
Y
X
XV
cl
A2 pd’
I NCH. C—CH=CHp
xv x” “cng Ny
Xvi
Hcf”? y M
N Pd
oo e
X
H
{80 %m)

Figure 8. Mechanism of addition of m—allyl to conjugated
dienes
X

Y

CH,, Cl, H, COOR
H, Cl, CH,

]

i



(Figure 8, XIV). With allene and CO the most like-
ly structure of the four-coordinate intermediate will
be the one in which, for steric an polar reasons, the
attacking molecule is in the trans position relative
to the carbon atom carrying the substituent:

CH Cs CH =0
Vak ~c o2
el e TSc nel  Pa
\‘C cl X cl
7 \ ~ C\ ~N
X H X" H

From Figure 8 it is also clear why the m-allyl group
reacts with the less readily coordinated double of
isoprene.

2. Effect of acetate as bridging ligand. With -al-
Iyl Pd acetate (nitrate, trifluoro acetate) and butadie-
ne (5 h, 1 atm) the same reaction takes place as with
the halide (Figure 9). However, by allowing the
reaction to continue for another 24 h displacement
of the C; ligands occurs and a complex of type XVHI
(Figure 9) is formed (75%). The structure of the

OAc

1,3,6,10 is formed in a catalytic reaction.
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latter could be derived from elemental analysis, IR,
NMR and chemical reactions (¢f. Figure 9).

When the reaction is carried out at 50°C and higher
butadiene concentration (5 mole/1) n-dodecatetraene-
In addi-
tion, the complex XVHI can be isolated at the end of
the reaction and used as catalyst for linear trimeri-
zation.

Minor amounts of 1,3,7-octatriene were also ob-
tained. This product became the main one when
PPh; was added (Pd/PPh; = 1). This may be explai-
ned by the blocking effect of the latter in XVIIL

Displacement of the allylic ligands in XVIII by buta-
diene molecules took also place when starting from
B-carboxymethyl-w-allyl Pd acetate and m-crotyl Pd
acetate: XVHI was obtained together with the 5-car-
boxymethyl and 5-methyl derivatives of XIX and XX,
respectively.

The difference in behaviour of the acetates versus
the halides can be nicely explained on the basis of
the difference in structure’ In hydroxylic solvents
(alcohols, aliphatic acids) the reaction with m-allyl
Pd acetate (nitrate, sulfate) was found to take a

//OAC\E

OAc
/ AN / CaH,
< Pd_ pd > %— Pd_ :Pd ﬁ- C pd_ pd
oac”
[ (5h) OAc (24h) OAc
XVl NOT ISOLATED
(80 %m)
2GHe CaHe
OAc OAc
pd/ \pd ) Pd\ :Pd
Noac” + + OAC
Xvili XIX XX
(75 %om) 50 %em 50 %m
(NOT ISOLATED)
[Hz 154“6 3 CqHg
n-DODECANE (80 %m) XVt
+ + Xviil
ACETIC ACID n-DODECATE TRAENE- co .
{100 %m) + Pd 1, 3,6, 10
co co
| oA |
Pd -— \OAC/ -—
.
(NOT ISOLATED)
OAc AcO.
XX XXIt
{20 %m) {20 %m)
xXxin
(80 %m)

Figure 9. Mechanism of linear trimerization of butadiene.
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different course: polyunsaturated alcohols, ethers or
esters were obtained with the structure:

H H
RO-CH,~CH=CH—-CH,—(CH,~C=C~CH,),—CH,—CH,—CH=CH,
H
(H,C=CH-C-)
OR

(n=0,1,2; R = alkyl, acyl).

In the beginning of the reaction a complex with
the structure XXIV could be isolated (Figure 10).
An analogous intermediate is formed as found by
Wilke?* and co-workers starting from (w-allyl).Pd and
by Smutny? in the reaction of dienes with phenols
in the presence of Pd compounds and Na phenolate.
The proposed mechanism (Figure 10) is in agreement
with the fact that (m-allyl);Pd upon reaction with
CH;OH yields propylene, allyl-methylether and Pd.

/ ohe ROH A \
\ Pd TH—’ ! Pd\ /Pd D —
9 ) /2 4Hg T y
OAc
OR OAc

Figure 10. Mechanism of formation of unsaturated ethers
(esters) with m—allyl Pd acetate as catalyst.

3. Synthesis of long-chain unmsaturated acids. In
the foregoin sections one of the steps involved in the
reaction of a diene, an allylic compound and CO has
been described. In Section III.1 it has already been
shown that complexes of the type formed in reaction
(26) react with carbon monoxide to form the corre-
sponding acid chloride. The catalytic reaction bet-

(196(%)6) G. Wilke ef al., Angew Chem., 75, 10 (1963); ibid., 78, 15
(27.) E. §. Smutny, J. Am. Chem. Soc., 89, 6793 (1967).
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ween a diene, an allylic compound and CO was found
to yield the same products:

R, 1'1;
R,—C=C—-CH:Cl+CH,=CH-C=CH.;+CO —>
H

R, R,
H: | | fl
C=C—CH-CH,;-C=CH—-CH,—C—CI (28)
R;
R, = H, CH,, R, = H, CH,, R; = H, CH,

In a typical experiment allyl chloride (0.83 mole/1)
was reacted at 90°C with butadiene (3.33 mole/1)
and CO (initial pressure 52 atm) in benzene solution,
with (n—C;HsPdCl), as catalyst (16.7 mmole/1). Af-
ter 6 h the conversion of allyl chloride amounted to
71% and the yield of 3,7-octadienoyl chloride 4 vinyi-
acetyl chloride (mol. ratio 0.8) amounted to 90%.
In addition, small amounts of a Cs acid and a Cs acid
were obtained:

The latter are presumably formed from butadiene
(via crotyl chloride) and a butadiene dimer.

The Cs acid/Cs acid molar ratio was found to be
proportional to the ratio [butadiene]/[CO][allyl
chloride] (Figure 11). This indicates that in the
competition between CO and butadiene (Figure 12)
the reaction of (m-C:;Hs . PdCl), with the diene is the
slowest step. The results further indicate that in

Cg ACID = CHp = CH-CHa- CHp—CH = CH~CHp-COOH
Cq ACD - CHyFCH—CHy - COOH

Cg ACID/C4 ACID MOLAR RATIO

[o1-]

oz2f-

[81/ [a] [cO]

Figure 11. Effect of butadiene, allyl chloride and CO con-
centrations on C; acid/C, acid molar ratio. Conditions: tem-
perature: 90°C; initial CO pressure: 52-85 atm; butadiene
(B): 2.5-3.33 mole/l; allyl chloride (A): 0.83-1.67 mole/l;
(n—allyl PdCl);: 16.7 mmole/l.



the carbonylation of allylic compounds the bonded
m-allylic fragment is displaced by the incoming allylic
chloride (cf. Section II.2a).

o HpC= CHCH,CL
7 CaHgCL - CH
L P === < Pd-CO ——=(P)+ Ii 2
co et ! CH
AN Cl |
N CH,
I
cocl
co
co v C4HsCL
— Pd SatsCl
el

€Hp =CHCH,CL

_— Pd

1 ——= (P) + CHp=CH-CHy-CHy-CH=CH-CHy-COCL
C
AN

Figure 12. Carbonylation of allyl chloride in the presence of
butadiene.

IV. Mechanistic Considerations. It seems very reaso-
nable to assume that the first step in the carbonylation
is coordination of carbon monoxide to the palladium
atoms to form a five-coordinated palladium complex
(1), i.e. in analogy with the reaction of m-allylic Pd
halides with conjugated dienes (Figure 8). The com-
plex formed — having 18 electrons in the outer shells
of the Pd atom — is unstable and transforms into
a four-coordinated species (II). In the presence of
allyl chloride Ml is formed in a rate-determining step
(Figure 13) (cf. Section II.b).

The fact that methallyl chloride reacts much more
slowly than allyl chloride is also in agreement with
this supposition: methallyl chloride may be expected
to coordinate to Pd with much more difficulty. The
low rate of Cl-allyl chloride, too, may be explained
on this basis: in the interaction of vinyl chloride with
acetate anions catalysed by PdCl; indications were
obtained that the lower rate of this reaction as com-
pared with the same reaction with ethylene is due
to the fact that the formation of the vinyl chloride/
PdOAcCl; complex proceeds less readily than that
of the corresponding ethylene complex.'’
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H
22 co SLow ‘cz co.
HCZ CaHgX  HCT7
\‘, Pd 3% \.’ Pd
HaC cl —cl
n \ A AN
FAST
He H
xC
0 \ c
] cd 0 2 I Me
N Y cF Tx¢
Vi \Pd‘7 C<éH / Pd
2
HeY et d FAST Nt Xxvi
HC N HC Ny
XXV
FAST{CO
c
)
/ + CH, = CH-CH —c’o
Pd / 2 2 \x
co ct
" N

Figure 13. Mechanism of the carbonylation.

Insertion of carbon monoxide between the palla-
dium atom and the m-allyl moiety gives XXV, in which
for steric reasons the double bond has to be in the
non-conjugated position, since otherwise coordination
to the palladium atom is not possible. This species
with a o-bonded vinylacetyl group is not stable.
While a new m-allyl group is formed and the coordi-
natively bonded vinylacetyl chloride is displaced by
carbon monoxide the original species is restored (Fi-
gure 13). The latter is indicated by the results with
methallyl chloride with Ci;H;PdCl as catalyst and
with the results obtained in the synthesis of octadie-
noyl chloride. It is seen that the chlorine in the
intermediate. XXVI remains bonded to Pd, whereas X
from allyl-X enters tine final product. This may be
the reason why the presenceof halide in the system
is essential. That the CO molecule enters trans to
the substituent in the allyl group may be due to
steric and polar effects, since the same is found with
triphenylphosphine.?

(28) F. A. Cotton et al., Inorg. Chem., 6, 179 (1967).
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