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The palladium-catalyzed telomerization reaction of butadi-
ene with methanol has been examined with the aim of con-
trolling the chemoselectivity (telomerization vs. dimerization
products) and regioselectivity (linear vs. branched telomeri-
zation product) of the reaction. We have shown that the reac-
tion temperature, ligand-to-metal ratio and ratio of substrates
exert a large influence on the selectivity of the reaction. Se-
lectivities of up to 97% for the desired linear telomerization
product 1 can be achieved below 50 °C by employing both
low PPh3/Pd and butadiene/methanol ratios. Mono(phos-

Introduction

An important ecological requirement of todays chemical
processes is to produce a desired compound with high se-
lectivity whilst, as far as possible, avoiding waste or by-
products. Therefore, the possibility of controlling the prod-
uct selectivity in a chemical reaction is of great interest.
This control can be achieved, for example, by employing an
appropriate catalyst or by adjusting the crucial reaction
parameters.

During the course of our studies with regard to palla-
dium-catalyzed C2C coupling reactions we became
interested in the telomerization of butadiene, since this reac-
tion assembles simple starting materials in a 100% atom-
efficient manner to give valuable functionalized octadienes.
These compounds are useful as intermediates in the total
synthesis of several natural products,[2] as well as in indus-
try, as precursors for plasticizer alcohols,[3] solvents, corro-
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phane)palladium(0)−diallyl ether complexes, Ar3P−Pd[(CH2=
CHCH2)2O] (5), serve as new catalysts for the reaction. In
order to gain a mechanistic understanding of the observed
selectivity effects, we synthesized the phosphane(octadi-
enyl)palladium(II) complexes 7a and 9a as model compounds
for key reaction intermediates and examined their stoichi-
ometric reactions with the methoxide nucleophile. Based on
our results, we propose an extension of the known telomeri-
zation mechanism that accounts for the observed selectivity
effects.

sion inhibitors and nonvolatile herbicides.[4] The telomeriz-
ation reaction is the dimerization of two molecules of a 1,3-
diene in the presence of an appropriate nucleophile HX,[5]

e.g. alcohols,[6] water,[7] amines,[8] carboxylic acids[9] and
others,[10] to give substituted octadienes (1-substituted 2,7-
octadiene, 3-substituted 1,7-octadiene). Of these the 1-sub-
stituted 2,7-octadiene (n-product) is the major isomer
formed for most nucleophiles. Due to the fact that they are
readily available and cheap,[11] butadiene and methanol are
attractive starting materials for this reaction, reacting to
yield 1-methoxyocta-2,7-diene (1) (Scheme 1). As previous
studies have shown,[6j] the major by-products include the 3-
substituted octa-1,7-diene 2 (iso product), 1,3,7-octatriene
(3) (formed by the linear dimerization of butadiene) and,
less importantly, 4-vinylcyclohexene (4) (formed by the
Diels2Alder reaction of two molecules of butadiene).

Scheme 1

Although the mechanism of the palladium-catalyzed telo-
merization reaction has been carefully examined,[12] de-
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tailed investigations focusing on the control of product se-
lectivity in this process have not yet been carried out. In
this paper, we describe the important factors determining
the chemo- and regioselectivity, i.e. reaction temperature,
ligand-to-metal ratio and butadiene-to-methanol ratio. New
mono(phosphane)palladium(0) complexes 5[13] were suc-
cessfully employed as catalysts. The observed effects are ra-
tionalized mechanistically by a modified reaction mecha-
nism for the butadiene telomerization reaction.

Results and Discussion

The examined telomerization reaction of butadiene with
methanol is shown in Scheme 1.[14] Either (diallyl ether)(tri-
phenylphosphane)palladium(0) (5)[13] or mixtures of palla-
dium(II) acetate and triphenylphosphane (sometimes in
combination with triethylamine) were used as the catalysts
(Figure 1).

Figure 1

Compound 5 is representative of a new class of palla-
dium(0) complexes in which only one phosphane ligand is
coordinated to the palladium center. Compound 5 repre-
sents a stable analogue of an intermediate in the catalytic
cycle of the reaction (vide infra, Schemes 2 and 5) and, as
such, is well suited for our investigations, since it does not
need to be activated (e.g. by ligand dissociation, reduction,
etc.) before entering the catalytic cycle. For reasons of in-
dustrial applicability we have also included PdII precursor
complexes in our studies due to the great availability of
Pd(OAc)2. It has already been reported that PdII precursors
are rapidly reduced to the catalytically active Pd0 species if
a base, e.g. NEt3, is present in the reaction mixture.[15] Thus,
100 equivalents NEt3 (relative to Pd) were added to the runs
in which the PdII precursor complex was used. Initial ex-
periments showed that the content of NEt3 in the reaction
does not influence the chemo- nor the regioselectivity of the
telomerization. Therefore, for the selectivity studies it was

Table 1. Influence of the reaction temperature on the product selectivity

Entry Ratio Catalyst Catalyst Temp. Reaction time Conversion TON TOF Yield Yield Chemoselectivity Regioselectivity
butadiene/ concentration [°C] [h] [%] 1 1 2 1 3 [h21] 1 1 2 3 (1 1 2) [%]
methanol [mol-%] [%] [%] [%] (n/iso)

1 2:1 5 7 3 1022 210 6 64 914 152 63 1 98 97.3
(36:1)

2 1:2 5 2.5 3 1022 30 2.5 36 1376 556 34 0.4 95 97.3
(36:1)

3 2:1 5 4 3 1023 50 2 27 6750 3375 26 1 96 95.8
(23:1)

4 2:1 5 1 3 1023 90 0.5 11 10500 21000 8.5 2 77 95.0
(19:1)
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less important if the applied catalyst precursor was a Pd0

or a PdII compound.

Selectivity Studies

The product selectivity of the palladium-catalyzed telo-
merization is largely influenced by temperature, ratio of
starting materials and concentration of the phosphane li-
gands. Table 1 summarizes the influence of the reaction
temperature.

The chemoselectivity, i.e. the discrimination between telo-
merization products (1, 2) and the linear dimerization prod-
uct 1,3,7-octatriene (3), remains excellent (95%) up to 50 °C
(Entries 123, Table 1) but drops to 77% at 90 °C (Entry 4;
Table 1). Thus, the high catalytic activity at elevated tem-
peratures [turnover frequency (TOF) 5 21000 h21: Entry 4,
Table 1] is at the expense of the chemoselectivity. Above
100 °C, the Diels2Alder reaction of butadiene to yield
4-vinylcyclohexene becomes increasingly significant. On the
other hand, the regioselectivity, i.e. the discrimination be-
tween both telomers 1 and 2, remains high ($ 95%)
throughout the whole temperature range examined. Obvi-
ously, the side reaction leading to the undesired octatriene
3 becomes more important at temperatures above 50 °C,
whereas the side reaction leading to the undesired iso tel-
omer 2 is influenced by temperature to a much lesser extent.
For palladium-catalyzed reactions in general, the ligand-to-
metal ratio is one of the most critical reaction parameters.
Typically, the variation of the ligand-to-palladium ratio in-
fluences the stability and the activity of the palladium cata-
lyst but has a less pronounced effect on the reaction select-
ivity. Interestingly, in the case of the butadiene telomeriz-
ation reaction the P/Pd ratio does not only influence the
catalyst stability and activity but also dramatically affects
the regioselectivity of the reaction. This effect was observed
for both catalyst systems shown in Figure 1. The results of
the catalytic runs with 1, 2, 3, 10 and 50 equivalents of
phosphane (with respect to palladium) are shown in
Table 2.

Firstly, the influence of the ligand-to-metal ratio on the
selectivity was studied at 210 °C. The telomerization reac-
tion was carried out using the palladium(0) complex 5 with-
out any additional triphenylphosphane (P/Pd 5 1:1: Entry
1, Table 2), as well as in the presence of 1 equiv. of triphen-
ylphosphane (P/Pd 5 2:1: Entry 2, Table 2). In both cases
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Table 2. Variation of the palladium to phosphane ratio

Entry Ratio Catalyst Catalyst Temp. Reaction Additives Conversion TON Yield Yield Chemoselectivity Regioselectivity
butadiene/ concentration [°C] time [%] 1 1 2 1 3 1 1 2 3 (1 1 2) [%]
methanol [mol-%] [h] [%] [%] [%] (n/iso)

1 2:1 5 7 3 1022 210 6 2 64 914 63 1 98 97.3
(36:1)

2 2:1 5:1 PPh3 5 3 1022 210 6 2 29 560 28 0.3 97 92.3
(12:1)

3 1:2 5 4 3 1023 50 2 2 35 8500 34 0 97 97.0
(32:1)

4 1:2 Pd(OAc)2 1 3 1022 50 2.5 100 equiv. NEt3 63 6200 61 1 97 96.6
3 PPh3 (28:1)

5 1:2 Pd(OAc)2 1.8 3 1023 90 2.5 100 equiv. NEt3 58 30280 49.5 5 85 95.0
3 PPh3 (19:1)

6 1:2 Pd(OAc)2 1 3 1023 50 16 100 equiv. NEt3 23 23000 22 1 . 99 94.1
10 PPh3 (16:1)

7 1:2 Pd(OAc)2 1.8 3 1023 90 2.5 100 equiv. NEt3 73 38890 62 8 85 93.3
10 PPh3 (14:1)

8 2:1 Pd(OAc)2 5 3 1024 50 16 100 equiv. NEt3 14 28000 13 , 1 . 99 87.5
50 PPh3 (7:1)

9 2:1 Pd(OAc)2 5 3 1024 90 16 100 equiv. NEt3 40 70000 30 5 75 85.7
50 PPh3 (6:1)

the chemoselectivity towards the telomerization products 1
and 2 was $ 97%; however, the n/iso ratio changed dramat-
ically. With a P/Pd ratio of 1 the linear isomer 1 was pro-
duced in a 36:1 ratio relative to the branched isomer 2. With
a P/Pd ratio of 2 the ratio of 1 to 2 decreased to 12:1. Telo-
merization reactions using palladium(II) as the pre-catalyst
do not yield any telomerization products at 210 °C. At
50 °C, in the presence of the palladium(0) complex 5 (i.e.
P/Pd 5 1: Entry 3, Table 2), 1 and 2 were still produced
with both a high chemoselectivity of 97% and a high n/iso
ratio of 32:1. On changing to Pd(OAc)2 with 3 equiv. of
triphenylphosphane (Entry 4, Table 2), the n/iso ratio drops
slightly to 28:1, while the chemoselectivity remains excellent
(97%). A further increase in the amount of triphenylphos-
phane at this temperature reduces the regioselectivity, thus
the n/iso ratio decreases to 16:1 (P/Pd 5 10:1: Entry 6;
Table 2 ) and to 7:1 (P/Pd 5 50:1: Entry 8, Table 2). How-
ever, the chemoselectivity (97299%) is not affected to any
significant extent by the change in the P/Pd ratio. When the
telomerization reaction was carried out at 90 °C, both the
chemo- and the regioselectivity were influenced by the P/Pd
ratio. In the presence of 3 equiv. and 10 equiv. of triphenyl-
phosphane (Entries 5 and 7, Table 2) the chemoselectivity
decreases to 85%, and to 75% in the presence of 50 equiv.
of the ligand (Entry 9, Table 2). The main side-product ob-
served at 90 °C is 1,3,7-octatriene (3). In addition, the n/iso
selectivity decreases with an increase in the reaction temper-
ature and with an increasing P/Pd ratio. Hence, at 90 °C the
linear-to-branched ratio decreases from 19:1 (3 equiv. PPh3:
Entry 5, Table 2) to 14:1 (10 equiv. PPh3: Entry 7, Table 2).
With 50 equiv. of triphenylphosphane the n/iso ratio was
6:1 (Entry 9, Table 2), similar to the run at 50 °C (Entry
8; Table 2).

In general, the ratio of telomerization products to dimeri-
zation products (chemoselectivity) decreases above a certain
temperature (50 °C) and is not really affected by the P/Pd
ratio. On the other hand, the regioselectivity is predominantly
influenced by the amount of ligand present! The best regiose-
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lectivity using triphenylphosphane as the ligand is obtained
with a ligand-to-palladium ratio of 1:1 below 50 °C (n/iso
. 32:1; Entries 1 and 3, Table 2) while a n/iso ratio below
6:1 (Entries 8 and 9, Table 2) seems to be the borderline
selectivity at high P/Pd ratios.

It is interesting to note that the established reaction
mechanism (‘‘Jolly mechanism’’) for the telomerization of
butadiene and methanol (Scheme 2) does not explain the
observed changes in regioselectivity.[12e]

It is proposed that in the presence of palladium(0) species
two molecules of butadiene couple to form the
PPh32Pd2(η1,η3-octadiendiyl) complex 6. Protonation by
methanol at the C-6 atom of the C8 chain leads to the
PPh32Pd2(η2,η3-C8H13) species 7. In the following step
the methoxide ion adds to either allylic terminus C-1 or
C-3 of the C8 chain resulting in the formation of the telo-
mers 1 (via 8) or 2, respectively. The formation of 1,3,7-
octatriene (3) occurs as a side reaction by hydrogen abstrac-
tion (C-4) from 7.

The regioselectivity-determining step of the process is the
nucleophilic attack of methanol or methoxide ion on the
(π-allyl)mono(phosphane)palladium complex 7. The nucle-
ophilic attack at the C-1 atom is favored for steric reasons,
while the attack at the C-3 atom is electronically favored.[16]

Moreover, the linear telomer is the thermodynamically
more stable product due to the internal double bond,
whereas the branched isomer with the terminal double
bond is less stable. However, our control experiments with
various mixtures of 1 and 2 reveal that the telomerization
reaction does not proceed under thermodynamic control at
the described reaction conditions, since product formation
is not reversible. We propose that the major reason for the
selective formation of the linear telomer 1 is the energetic-
ally favored formation of a trigonal planar (1,6-diene)palla-
dium complex [LPd(1,6-diene)]. The branched telomer has
a 1,7-diene structure which would give rise to a (1,7-diene)-
palladium complex. As demonstrated by us, the stability of
trigonal planar (1,6-diene)palladium complexes [LPd(1,6-
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Scheme 2

diene)] is much higher than those with a 1,7-diene
ligand.[13a,13c]

Due to the large influence of the P/Pd ratio on the re-
gioselectivity, we postulate that (π-allyl)bis(phosphane)pal-
ladium complexes of type 9 (X 5 MeO–) are involved as
additional intermediates in the catalytic cycle [Equa-
tion (1)].

In complex 9, nucleophilic attack at the C-1 allylic ter-
minus does not give rise to an energetically favored chelat-
ing 1,6-diene coordination of the C8 chain since coordina-
tion of both C2C double bonds is not possible at the P2Pd0

moiety. Hence, the greater preference for the linear telomer
is less pronounced when compared with 7. In an attempt to
prove this hypothesis, we prepared the (octadienyl)palla-
dium complex 7a (X 5 BF4̄)[12a,17] and reacted it with tri-
phenylphosphane to obtain 9a (X 5 BF4̄). We then investi-
gated the reactions of both 7a and 9a with sodium methox-
ide.

Proceeding from our observation that (diallyl ether)palla-
dium complexes 5 catalyze the telomerization reaction even
at low temperatures, we treated 5 with an excess of butadi-
ene at 220 °C and obtained 6 in a quantitative yield.[17]

Addition of tetrafluoroboric acid or tetrakis[3,5-bis(trifluo-
romethyl)phenyl]boric acid[18] in diethyl ether produced the
respective cationic complexes of type 7. The compound
with the latter anion has the advantage of a high solubility
in organic solvents and is therefore especially suitable for
further investigations. On treatment with two equivalents of
triphenylphosphane in THF, followed by the addition of

Eur. J. Inorg. Chem. 2000, 1825218321828

pentane, the bis(phosphane)palladium complex 9a was iso-
lated in a quantitative yield. When excess phosphane was
used, the nucleophilic attack of triphenylphosphane on the
π-allyl group occurred with concomitant precipitation of
tetrakis(triphenylphosphane)palladium.

In order to compare the regioselectivity of the nucleo-
philic attack of the methoxide anion on 7a (X 5 BF4̄) and
9a (X 5 BF4̄), each complex was treated with a threefold
excess of sodium methoxide in THF/methanol (Scheme 3).

Scheme 3

In the case of 7a, the mixture turned black after a few
minutes at room temperature due to the precipitation of
palladium metal. GC analysis of the product mixture
showed that products 1 and 2 were formed in a ratio .
35:1. The reaction of 9a with sodium methoxide required
slight heating (30 °C) to complete the reaction. GC analysis
indicated a ratio of 1:2 , 10:1. Hence, attack of the meth-
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Table 3. Variation of the ratio of butadiene to methanol

Entry Ratio Catalyst Catalyst Temp. Reaction Conversion TON Yield Yield Chemoselectivity Regioselectivity
butadiene/ concentration [°C] time [%] 1 1 2 1 3 1 1 2 3 (1 1 2) [%]
methanol [mol-%] [h] [%] [%] [%] [%] (n/iso)

1 2:1 Pd(OAc)2 2 3 1023 50 16 43 21500 41 2 95 90.0
3 PPh3 (9:1)

2 2:1 Pd(OAc)2 5 3 1024 90 16 27 48000 18 6 75 93.8
3 PPh3 (15:1)

3 2:1 Pd(OAc)2 2 3 1023 50 16 34 17000 33 1 97 87.5
10 PPh3 (7:1)

4 2:1 Pd(OAc)2 5 3 1024 90 16 35 70000 23 12 66 92.9
10 PPh3 (13:1)

5 1:6 Pd(OAc)2 1 3 1023 90 16 43 39000 36 3 84 95.5
3 PPh3 (21:1)

oxide ion on the C-1 allylic terminus in 9a is less favored
than in 7a, but it is still preferred relative to the C-3 allylic
terminus 2 probably for steric reasons.[16] From these stud-
ies it can be concluded that an excess of triphenylphosphane
in the telomerization reaction mixture leads to the forma-
tion of allylbis(phosphane)palladium complexes of type 9,
which are responsible for a lower n/iso ratio of the telomer-
ization products.

Additional support for our selectivity model comes from
the fact that the concentration of butadiene also effects the
regioselectivity of the attack of methanol on the (allyl)palla-
dium complex. In general, experiments were carried out
with a butadiene-to-methanol ratio of 1:2. Apart from this
mixture, reactions with a stoichiometric ratio of starting
materials and either a large excess of butadiene or methanol
were studied. The results are summarized in Table 3.

Scheme 4

Scheme 5
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Indeed, we observed that variation in the ratio of starting
materials significantly influences the regioselectivity. With
increasing concentration of butadiene the yield of the linear
telomer 1 decreases (compare Table 2 and 3). More specific-
ally, at 50 °C with a stoichiometric butadiene to methanol
ratio, the n/iso selectivity is only 9:1 (3 equiv. PPh3: Entry
1, Table 3) and 7:1 (10 equiv. PPh3: Entry 3, Table 3), re-
spectively. In contrast, the n/iso selectivity totals 28:1 (3
equiv. PPh3: Entry 4, Table 2) and 16:1 (10 equiv. PPh3:
Entry 6, Table 2) using a reaction mixture that contains a
butadiene-to-methanol ratio of 1:2. The same trend holds
true at a reaction temperature of 90 °C. In addition, it is
shown that employing an excess of methanol, larger than
2:1, has only a small additional positive influence on the
regioselectivity (compare Entry 5, Table 2 and Entry 5,
Table 3). The influence of the butadiene concentration on
the regioselectivity of the telomerization reaction was also
observed by Beger et al.,[6b] but has not yet been explained.
We suggest that the decrease in regioselectivity with increas-
ing butadiene concentration is due to the loss of the coor-
dination of the internal olefin in 7. As shown in Scheme 4,
the formation of a new intermediate 10 is proposed in the
presence of excess butadiene. As stated before, the regiose-
lectivity of the nucleophilic attack on 10 is no longer deter-
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mined by the formation of the favorable complex 8 with a
chelating 1,6-diene ligand. Thus, an excess of butadiene has
an analogous effect as an excess of phosphane.

The ratio of butadiene to methanol also influences the
chemoselectivity of the reaction. Up to 12% of 1,3,7-octatri-
ene (3) is produced when stoichiometric amounts of butadi-
ene and methanol are combined at 90 °C (3 equiv. PPh3:
Entry 2; 10 equiv. PPh3: Entry 4, Table 3). The chemoselec-
tivity is much better at higher methanol concentrations
(Entry 5, Table 2 and Entry 5, Table 3). This significant in-
crease in 3 makes it likely that the telomers 1 and 2 result
not only from an attack of the corresponding methoxide
ion which is produced upon protonation of 6, but also by
the intermolecular reaction of methanol with 7. While
methanol is believed to react only as a nucleophile yielding
the telomers, the methoxide anion can react either as a nu-
cleophile or as a base to yield 1,3,7-octatriene (Figure 2).
As a result the formation of 1,3,7-octatriene becomes more
likely at lower methanol concentrations.

Figure 2

Conclusions

In this paper we described a detailed study of the palla-
dium-catalyzed telomerization of butadiene with methanol
concerning the control of chemo- and regioselectivity. The
selective formation of the linear telomer 1-methoxyocta-2,7-
diene (1) is influenced by the reaction temperature, the li-
gand-to-metal ratio and the stoichiometry of the starting
materials. By careful optimization of these parameters,
n/iso selectivities . 35:1 are realized at a low P/Pd ratio of
1:1 and high methanol-to-butadiene ratios in the absence of
other coordinating species (regioselectivity up to 97%). A
second phosphane ligand bound to the palladium center dra-
matically reduces the regioselectivity for 1. With regard to
chemoselectivity, the best results are obtained at low tem-
peratures and high methanol-to-butadiene ratios (chemose-
lectivity up to 98%). In contrast to the regioselectivity, the
chemoselectivity does not depend significantly on the P/Pd
ratio.

All our results from the catalysis tests are in general
agreement with the previously described mechanism pro-
posed by Jolly. However, in order to explain the observed
influences of the P/Pd ratio and the butadiene/Pd ratio on
the selectivity we propose an extended mechanistic outline
for telomerizations which contains two different reaction
pathways (Scheme 5): pathway A going through 7 and 8
(with an energetically favored 1,6-diene C8-ligand structure)
leading to a high n/iso selectivity, and pathway B with 9
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and 10 as intermediates which react with a lower n/iso se-
lectivity as compared with 7.

A comparison of the reactivity of the isolated complexes
7a and 9a with methoxide shows unequivocally that the
main principle which governs the n/iso selectivity is the in-
ternal coordination of the olefinic side-chain. These results
appear to be of general relevance to telomerization reactions
with other nucleophiles, e.g. this explains why the telomeri-
zation of butadiene with acetic acid yields comparably low
n/iso ratios. Thus, it is foreseeable that telomerizations with
other oxygen nucleophiles or amines may be controlled by
applying the same set of parameters, which we have pre-
sented here.

Another result of our work is the discovery that (diallyl
ether)mono(phosphane)palladium complexes 5 react with
butadiene below 0 °C to give complexes 6. This allows ex-
tremely easy access to the catalytic intermediates of the
butadiene telomerization reaction. Furthermore, (diallyl
ether)mono(phosphane)palladium complexes are also effici-
ent catalysts for the reaction of butadiene and methanol
even at 210 °C. It is likely that these Pd0 complexes will
find use in other catalytic reactions.
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[16] [16a] B. Åkermark, S. Hansson, B. Krakenberger, A. Vitagliano,
K. Zetterberg, Organometallics 1984, 3, 679.2 [16b] B. Åkerm-
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