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Abstract The Pd-catalyzed telomerization in the presence of
phosphine and carbene ligands has been computed. It is
shown that the C–C coupling of the less stable complex A
with one trans- and one cis-butadiene in syn orientation
forms the most stable intermediate B and is favorable both
kinetically and thermodynamically. Protonation of B leads to
equilibrium of the two most stable isomers of intermediate C.
The overall regioselectivity is favored thermodynamically.
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Introduction

The Pd-catalyzed telomerization of 1,3-butadiene with
nucleophiles, which combines simple starting materials in
100 % atom efficiency to give functionalized 2,7-octa-
dienes [1–5], has attracted significant interest in recent
years and can be considered as a green process. Due to their

availability and low prices, 1,3-butadiene and alcohols
(especially methanol) have been mainly investigated
(Scheme 1). In general, the reaction leads to a mixture of
two regioisomers: 1 as the major product is a useful
precursor for plasticizer alcohols, solvents, corrosion
inhibitors and monomers for polymers [1]; and 2 as the
by-product is also of some commercial interests.

In order to develop more general and industrially viable
catalysts for telomerizations a detailed understanding of the
reaction mechanism is desirable. In the past elegant studies
have been performed by Jolly and co-workers [6]. Later on,
Beller et al. [7] modified the “Jolly-mechanism” on the
basis of experimental studies. As shown in Scheme 2, the
first step is the coordination of two 1,3-butadienes with a
LPd(0) complex to form A, and the second step is the
oxidative C–C coupling with the formation of LPd(η1,η3-
octadiendiyl) B. Then protonation of B by methanol at the
C6 atom of the C8-chain to form [LPd(η2,η3–C8H13)]

+ C
takes place. The last step is the nucleophilic attack of
methoxide to the allylic terminus (path A) in C to form the
regioselective linear (D-n) or branched (D-iso) isomers,
respectively. Although A is unknown yet, B and C were
observed experimentally. In contrast to B, which was
characterized by X-ray analysis, no direct information
about the structure of C was known. In addition to the
main regioisomers (1 and 2), the formation of 1,3,7-
octatriene from the deprotonation of C at C4 carbon of
the C8-chain and 4-vinylcyclohexene from Diels-Alder
reaction has been observed, but their chemoselectivity is
rather low (< 1% for L = IMes and 2 % for L = PPh3).

In recent years it was demonstrated that Pd carbene
complexes constitute more active and productive catalysts
compared to the corresponding phosphine complexes [8–
13]. However, no detailed mechanistic insight for applying
these novel catalysts is known. Here, we report the first
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theoretical elucidation and exploration of the reaction mech-
anism of the LPd(0)-catalyzed telomerization of 1,3-butadiene
in the presence of carbene ligands. The entire catalytic cycle
on the basis of Scheme 2 is explored at the B3LYP density
functional level of theory (DFT). For direct comparison with
the available experimental results [14–16], we have carried
out computations on the real-sized Ph3P and 1,3-dimesityli-
midazol-2-ylidene carbene (IMes) systems.

Computational methods

All calculations were carried out by using the Gaussian 03
program [17]. All structures were first optimized at the
B3LYP level of density functional theory with the
LANL2DZ basis set [18, 19], and the nature of the optimized
structures on the potential energy surface was characterized
by the calculated number of imaginary frequency (NImag) at
the same level of theory (B3LYP/LANL2DZ), i.e., energy
minimum structures without imaginary frequencies (NImag=
0), and transition states with only one imaginary frequency
(NImag=1) [20], and the imaginary mode connects the
reactant and product. The obtained structures were further
refined at the B3LYP level with the LANL2DZ basis set
including a set of polarization functions (LANL2DZ(d)) [18,
19]. These re-optimized structures are used for comparison.
This method works well for Pd Chemistry [21]. For
discussing the stability and reactivity we have used the

relative Gibbs free energy (∆G), which was computed at the
B3LYP/LANL2DZ(d) level by taking the thermal correction
to Gibbs free energy at 298 K from frequency calculations at
the B3LYP/LANL2DZ level. The obtained free energy (∆G)
has been used to estimate the equilibrium of the related
intermediates (∆G = −RTlnK). The computed energetic data
and the optimized Cartesian coordinates for all isomers are
given in the Supplementary material.

Results and discussion

Complex A

On the basis of the trans and cis isomers of 1,3-butadiene and
their orientations in coordination with the LPd(0) complex,
there are six isomers for complex A (Fig. 1). Here, trans and
cis mean the conformation of trans- and cis-butadiene; and
anti and syn show their relative orientation in A. It is to note
that only LPd(0) complexes with butadiene in η2-mode have
been located, and attempts to get the η4-mode failed. All six
isomers are located as energy minimum structures on the
potential energy surface. As expected, A-2trans-anti is the
most stable isomer and also the major isomer in equilibrium.
It is also to note that complexes for L = IMes and PPh3 have
the same energetic order and they are also very close in
relative energies; and these indicate their high similarity in
structures and energies.

Intermediate B

It is possible for all six isomers of A to form the
corresponding complexes B from oxidative C–C coupling.

Scheme 2 Proposed telomerization mechanism of 1,3-butadiene and
methanol

Fig. 1 Conformation and relative free energy (∆G, kcal mol−1) of LPd
(η2-butadiene)2 complex A (L = IMes/PPh3)

Scheme 1 Telomerization of 1,3-butadiene and methanol
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Since A-2trans-anti is the most stable isomer, it is
interesting to know which isomer will result in the most
stable B. Hence, we have computed all six conformations
along with their corresponding transition states of oxidative
C–C coupling. The computed activation free energy (∆G≠)
and reaction free energy (∆G) of each C–C oxidative
coupling are listed in Table 1.

For the C–C coupling of two trans-butadienes (A-
2trans-anti and A-2trans-syn), both reactions have nearly
the same activation energies for L = IMes (13.56 and
14.05 kcal mol−1) and L = PPh3 (15.40 and
15.58 kcal mol−1). Most importantly, these reactions have
positive reaction energies (6.89 and 9.29 kcal mol−1 for L =
IMes; and 11.45 and 12.86 kcal mol−1 for L = PPh3) and are
endogonic. Therefore, it is thermodynamically not possible
to form the corresponding complex B-2trans-anti and B-
2trans-syn from C–C coupling of two trans-butadienes.

For C–C coupling of two cis-butadienes (A-2cis-anti
and A-2cis-syn) both reactions have the largest barriers and
are nearly thermal neutral for L = IMes and PPh3.
Therefore, these reactions are neither kinetic nor thermo-
dynamic accessible, and the corresponding complex B-2cis-
anti and B-2cis-syn can not be formed from C–C coupling
of two cis-butadienes.

For the C–C coupling of one trans- and one cis-
butadiene, there are two different cases. The reactions of
two butadienes in anti orientation (A-trans-cis-anti) have
high barriers and are slightly exogonic (L = IMes) or
endogonic (L = PPh3). For two butadienes in syn
orientation (A-trans-cis-syn), however, the reaction has
the lowest barriers and is most exogonic. Apparently, this
reaction path is favorable both kinetically and thermody-
namically, and represents the only way for the formation of
complex B-trans-cis-syn.

Interestingly, the less stable A-trans-cis-syn, rather than
the most stable A-2trans-trans, leads to the formation of
the most stable coupling product B-trans-cis-syn, the
reaction has a pre-equilibrium shift from A-2trans-anti to

A-trans-cis-syn. Since their energy differences (Fig. 1) are
much smaller than the activation barriers (Table 1), this
equilibrium shift does not control the reaction rate.

It is important to note that the most stable intermediate B
for L = IMes and PPh3 has the same C8 carbon chain
configuration as found experimentally for phosphine
ligands [14, 15, 22], i.e., a trans-C4 chain in η3-allylic
coordination and a cis-C4 chain in η1-coordination, and the
allylic moiety and the cis-butene moiety are in syn position
(Fig. 2). Table 2 shows that that computed structural
parameters agree very well with those obtained from X-
ray analysis for PMe3 or PMePh(cyclohexyl) complexes.

Intermediate C

Protonation of B to C is the next step of the reaction. For
getting full insight into the mechanism, all isomers of the
protonated intermediate C have been considered. As given
in Table 3, the direct protonation product from the most

Table 1 Computed activation (∆G≠, kcal mol−1) and reaction free
energy (∆G, kcal mol−1) for C–C coupling to complex B (relative to
the respective minimum A)

L = IMes L = PPh3

∆G≠ ∆G ∆G≠ ∆G

A-2trans-anti 13.56 6.89 15.40 11.45

A-2trans-syn 14.05 9.29 15.58 12.86

A-trans-cis-anti 17.86 −4.72 20.09 2.07

A-trans-cis-syn 11.15 −6.55 12.13 −2.62
A-2cis-anti 19.86 −0.28 21.36 −1.08
A-2cis-syn 21.66 −1.93 21.23 1.71

Fig. 2 C8 chain conformation of intermediate B

Table 2 Computed bond distances for L = IMes and PPh3, compared
with the available X-ray structural data for L = PMe3 and PMePh
(cyclohexyl) of complex B

L IMes PPh3 PMe3
a/PR1R2R3

b

Pd-C1 2.208 2.276 2.208/2.210

Pd-C2 2.226 2.226 2.144/2.181

Pd-C3 2.295 2.296 2.267/2.252

Pd-C8 2.139 2.146 2.139/2.127

C1-C2 1.416 1.412 1.385/1.389

C2-C3 1.415 1.420 1.390/1.397

C3-C4 1.510 1.508 1.451/-

C4-C5 1.569 1.571 1.506/1.558

C5-C6 1.504 1.503 1.471/-

C6-C7 1.361 1.361 1.361/1.340

C7-C8 1.476 1.475 1.427/-

a) Ref. [6] b) Ref. [22] (L = PMePh(cyclohexyl)
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stable complex B does not represent the most stable
complex C.

For L = IMes (Table 3), the most stable intermediate C is
C-2trans-syn + H (−2.16 kcal mol−1), followed by C-
2trans-anti + H (−0.95 kcal/mo), although the
corresponding complex B-2trans-syn and B-2trans-anti
cannot be formed from the C–C coupling reactions. The
same is also found for L = PPh3. For example, C-2trans-
anti + H is most stable (−0.52 kcal mol−1), followed by C-
trans-cis-syn + H (0.00 kcal mol−1), although the
corresponding complex B-2trans-anti is not accessible via
C–C coupling reaction. The other isomers of C are much
higher in energy (Table 3). The C8 chain conformation and
the bond parameters of the two most stable structures of
intermediate C (L = IMes, PPh3) are shown in Fig. 3.

Considering the free energy differences, it is to expect
that C-2trans-syn + H and C-2trans-anti + H for L = IMes
are in equilibrium with a ratio of 85% to 15%; and C-

2trans-anti + H and C-trans-cis-syn + H for L = PPh3 are
in equilibrium with a ratio of 70% to 30%. These results
reveal that this reaction has the second equilibrium shift
between protonated intermediates C and their rather small
energy differences do not affect the reaction rate. In
addition to these energetic differences, the equilibrium
process has also been computed. Considering that this
process effectively involves the decoordination of the
alkene part (C7–C8), which can be a significantly activated
process, we have tried to localize the transition state of this
decoordination, but such transition states could not be
located. It is interesting to note that the open-chain
complex, C + H-open, is only 7.24 and 12.71 kcal mol−1

less stable than the corresponding C-trans-cis-syn + H for
L = IMes and PPh3, respectively. Such small energy
difference shows that the equilibrium process could be not
too difficult.

The last step is the nucleophilic attack of MeO− to
produce both n- and iso-products D. Considering the two
most stable isomers of C in equilibrium, which can form
different regioisomers, we have computed all these possi-
bilities (Fig. 4).

Fig. 3 C8 chain conformation and bond parameters (in Å) of the two
most stable isomers of intermediate C

Table 3 Relative energies (∆G, kcal mol−1) of complex C

L = IMes L = PPh3

C-2trans-anti + H −0.95 (15%) −0.52 (70%)

C-2trans-syn + H −2.16 (85%) 1.73

C-trans-cis-anti + H 2.20 1.80

C-trans-cis-syn + H 0.00 0.00 (30%)

C-2cis-anti + H 5.15 6.14

C-2cis-syn + H 5.54 7.02

C + H-open 7.245 12.71

Fig. 4 Reative energies (∆G) for complexes C and D as well as their
equilibrium ratios
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The carbene-ligated most stable complex C-2trans-syn +
H favors D-iso over D-n with a ratio of 87% to 13%; while
complex C-2trans-anti + H favors D-n quantitatively
(>99.99%). Since D-n from C-2trans-anti + H is more
stable than that from C-2trans-syn + H and D-iso from
both processes, the equilibrium should be shifted from C-
2trans-syn + H to C-2trans-anti + H to result in D-n as
the major product. The regioselectivity of two D isomers
from each intermediate C is thermodynamically controlled;
and two D isomers are in equilibrium. Since two intermedi-
ates C also are in equilibrium, the overall regioselectivity is
the product of the equilibrium of intermediates C and the
equilibrium of products D. The overall regioselectivity from
all equilibriums is over 99%. On the other hand for L =
PPh3, the most stable complex C-2trans-anti + H favors D-
n quantitatively (>99.99%); and C-trans-cis-syn + H favors
D-iso over D-n with a ratio of 90% to 10%. Similarly D-n
from C-2trans-anti + H is more stable than that from C-
trans-cis-syn + H and D-iso from both processes. Thus, the
equilibrium will be shifted from C-trans-cis-syn + H to C-
2trans-anti + H to result in D-n as the major product. Again,
the overall regioselectivity from all equilibriums is over
99%.

It is to note that the computed regioselectivity is
overestimated as compared to the experimentally deter-
mined values (98% for L = IMes, and 97% for L = PPh3).
The experimentally determined regioselectivity for L =
PPh3 of 97.3% gives an up limit of the energy difference of
2.12 kcal mol−1 for the D-n and D-iso products; and this
energy difference is overestimated by 4.81 kcal mol−1. For
completing the catalytic cycle in Scheme 2, we have also
computed the reaction path B with E as the intermediate.
It is found that the free energy of the formation of E is
only −0.75 kcal mol−1; and such small quantity reveals the
high ligand to metal ratio for the reaction. The computed
energy difference of the D-n and D-iso products from E is
6.35 kcal mol−1 in favor of the D-n isomer. Taking the
overestimated energy of 4.81 kcal mol−1 into account, the
corrected energy difference for D-n and D-iso products
from E is 1.54 kcal mol−1, and this corresponds to a
regioselectivity of about 93.1 %, in very good agreement
with the experimentally determined regioselectivity of
93.3–94.1% with the a metal to ligand ratio of 1 to 10.

Conclusions

In summary, B3LYP density functional theory computa-
tions have been carried out to investigate the Pd-catalyzed
telomerization reaction of 1,3-butadiene and methanol with
real-sized IMes and PPh3 ligands. The computed kinetic
and thermodynamic parameters show that the less stable
isomer with one trans- and one cis-1,3-butadiene in syn

orientation (A-trans-cis-syn), rather than the most stable
isomer with two trans-butadienes (A-2trans-anti), leads to
the formation of the most stable oxidative C–C coupling
intermediate B. The conformation and the structural
parameters of B agree perfectly with the X-ray data for
phosphine ligands. Compared to the activation energy, the
energy difference of the pre-equilibrated isomers of 1,3-
butadiene complex A does not control the reaction rate, and
the rate-determining step is the respective C–C coupling
reaction. The second interesting point to be emphasized is
that protonation of the most stable intermediate B leads to
the two most stable isomers of intermediate C in equilib-
rium, although their precursor intermediate B cannot be
formed from oxidative C–C coupling reactions. Thus,
experimental characterizations into the structures and
conformation of intermediate C are necessary. The overall
regioselectivity in favor of the linear product (D-n) is
determined by the stability of the complex of the final
product, and therefore it is a thermodynamically controlled
process.
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