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Homogeneous palladium chloride catalyses the oxidation of alcohols to aldehydes or ketones in 1,2-dichloroethane
(DCE). The active catalytic species is regenerated by the dechlorination of DCE to ethylene. This catalytic cycle is
studied here using non-local density functional theory. The insertions of “naked” Pd, of HPdCl, and of PdCl2 into
the C–Cl bond of DCE are examined in detail, and it is shown that the most likely inserting species is Pd, then HPdCl
and PdCl2. Two distinct reaction pathways are proposed and investigated, namely insertion of HPdCl into the C–Cl
bond, followed by HCl abstraction, and abstraction of HCl from HPdCl, followed by oxidative insertion of a
“naked” Pd atom into the C–Cl bond. Both paths converge on the same species but the former is found to involve
lower energies. Entropy effects, ligand effects and possible mechanisms for the formation of ethylene in this system
are discussed. Based on these results, the complete oxidation cycle from methanol to formaldehyde is calculated as
a model reaction for the dehydrogenation of alcohols in this system. It is shown that the original catalytic species
does not necessarily need to be regenerated to complete a the catalytic cycle. Ligand effects and entropy effects
are considered. The choice of methanol as a model of alcohol is discussed.

Introduction
Dichloromethane (DCM) and 1,2-dichloroethane (DCE) are
common industrial chemicals.1 As organic solvents their advan-
tages are undisputed,2 but their effects on the environment are
causing concern.3 In this context, it is worthwhile to investigate
alternatives for their use.

One interesting option is the application of DCE as an
oxidant. Previously, one of us has described the oxidation of
alcohols using sodium carbonate and catalytic quantities of
both PdCl2 and Adogen 464 in refluxing DCE.4,5 It was shown
that (i) DCE was the regenerator of the active palladium
species, with concurrent formation of ethylene (Scheme 1) and
(ii) that the main role of the ammonium salt was to solubilise
the palladium salt, as [PdCl2][(Adogen 464)2].

6,7 The overall
process (Scheme 1) is meritorious, as it equates to a one-pot
oxidation and aliphatic dechlorination, with the advantage that
a new carbon–carbon bond is also formed. Since our prelim-
inary report, others have also used DCE to regenerate Pd().8,9

In the literature, the oxidation of (R-BINAP)Pd(0) into
(R-BINAP)PdCl2 by DCE,10 the reaction of the C–Cl bond of

Scheme 1

† Electronic supplementary information (ESI) available: Tables of abso-
lute energies and structural parameters for all of the computed species.
See http://www.rsc.org/suppdata/p2/b1/b102256n/

DCE with the unsaturated Pd(PPh3) complex,11 and the elimin-
ation 12 of ethylene from (dppe)PdCl(CH2CH2Cl) have been
studied. The light-induced formation of (dpm)2Pd2Cl2 [a Pd()
complex] and ethylene from (dpm)3Pd2 and DCE has also been
reported.13 These reports led us to envisage that under our
oxidation conditions the regeneration of the active catalyst
could be due to a reaction of the transient species HPdCl with
DCE, rather than to an oxidative insertion of Pd(0) species into
a C–Cl bond of DCE as was previously suggested.4 Further-
more, in the oxidation of allylic alcohols we obtained a mixture
of saturated and α,β-unsaturated carbonyl compounds, where
the formation of the former may be attributed to a 1,2-addition–
elimination sequence between palladium hydride and the C��C
double bond.14

It is difficult to set up experiments to differentiate between
the various catalytic pathways in this complex oxidation–
dechlorination system. However, the fundamentals of the
dechlorination and oxidation reactions may be elucidated
through computational studies. Here, we report the results of a
detailed density functional theory (DFT) study on the mech-
anism of the regeneration of PdCl2 from HPdCl and DCE
[eqn. (1)], and compare the feasibility of oxidative insertion and
HCl elimination processes in this system. Using methanol as a
model alcohol, we studied the completion of the catalytic cycle
to give ethylene, formaldehyde and PdCl2.

Computational methods
Calculations were performed on Compaq and SGI com-
puters using the three-parameter Becke–Lee–Yang–Parr hybrid

HPdCl � ClCH2CH2Cl  PdCl2 � CH2��CH2 � HCl (1)
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(B3LYP) density functional method.15–17 The basis set we used
was based on the LANL2DZ “basis set”,18 which combined
either a relativistic effective core potential (RECP) plus a
double-ζ Gaussian basis (for chlorine and palladium) after Hay
and Wadt, or simply an all electron double-ζ Gaussian basis
(for carbon and hydrogen) after Dunning and Hay.19 The fol-
lowing polarization functions were added to the LANL2DZ
description: for the geometry optimization (henceforth this
basis will be referred to as BSI) we added one set of d orbitals
for the carbon, the oxygen, and the chlorine atoms [exponent
values, dC = 0.8, dO = 0.8 and dCl = 0.75, respectively, were taken
from the standard 6-31G(d) basis set]. For the energy calc-
ulations, BSI was extended to include the palladium atom with
an additional set of f orbitals (i.e., BSII = BSI � fPd) using an
exponent value 20 of fPd = 1.472.

We used the Gaussian 98 suite of programs throughout this
study.21 All calculations were performed using the default
parameters of this program (5D and 7F orbitals for “general”
basis sets). However, a tight criterion was applied for the SCF
density threshold (10�8). All the optimized structures were
obtained with small residual forces, and characterized as min-
ima or transition states using the analytical second-derivative
analysis at the same level (B3LYP/BSI).

The following theoretical treatment does not include the
R4N

� or Cl� ions but focuses on the Pd reactivity. In solution,
each palladium atom is likely to be co-ordinated to four ligands
and any abstraction or insertion process would be counterbal-
anced by ligand (e.g. Cl� or R4N

�) co-ordination. In the case of
HCl abstraction, the loss of a ligand in the medium would be
counterbalanced by the HCl. Roughly speaking, all molecules
in the condensed phase interact together and can be considered
as a unique system.22 The total entropy of the system would
thus remain essentially unchanged, and so we approximate ∆G
≈ ∆H. This approximation may be void when a gas is produced
that can “escape” from the reaction medium (e.g. when an
ethylene molecule is formed, vide infra). For that case, we con-
sidered the process as a single system that dissociates into two
parts, with an entropy change that we estimated at 30 entropy
units (a value that is often encountered for gas-phase dis-
sociations). At rt, this would lead to a T ∆S contribution of ca.
10 kcal mol�1.

In the following discussions we used only the Zero Point
energy Corrected (ZPC) ∆H values calculated at the highest
level that was available to us (B3LYP/BSII//B3LYP//BSI). The
ZPC has been calculated at the optimization level (B3LYP//
BSI). Note that in all of the following energy calculations the
contribution of the f orbitals was minor or negligible.

Results and discussion
In constructing a model system for the regeneration of the
active Pd() species from HPdCl and DCE [eqn. (1) above] we
envisaged two distinct pathways: (a) insertion of HPdCl into
the C–Cl bond, followed by HCl abstraction (Scheme 2, left);
and (b) abstraction of HCl from HPdCl, followed by oxidative
insertion of the Pd atom into the C–Cl bond (Scheme 2, right).
These two paths converge when HCl is released in path (a). The
main difference between the two paths is that the abstraction
of HCl can occur either before or after the Pd insertion into
the C–Cl bond of DCE. We began by investigating various Pd
oxidative insertions, depending on the nature of the Pd species:
HPdCl as in pathway (a), and a “naked” Pd atom as in (b). For
comparison, we also examined the reactivity of the regenerated
catalyst Pd()Cl2 vis-à-vis DCE.

Palladium insertion reactions

The oxidative insertion of a “naked” palladium atom into
the C–Cl bond of CH3Cl has been investigated in detail by
Bickelhaupt et al. using a local density approach.23 Fig. 1 shows

the geometrical differences obtained after reoptimizing the
oxidative transition state reported in that study using non-local
density functionals. While we noted quite a few differences
(e.g. systematically longer bond distances using the B3LYP
approximation), the structures qualitatively agree, especially
with regard to the small Pd–H distance and the corresponding
elongated C–H bond. Both indicate an agostic Pd–H inter-
action during the insertion. As non-local density functionals
are reputedly better than their local counterparts 24 we shall
refer in the following only to the B3LYP level.

Key geometrical and energy values for the reactants (com-
pounds 1, 4 and 7), transition structures (compounds 2, 5 and
8) and products (compounds 3, 6 and 9) for the three respective
insertion reactions are shown in Fig. 2 and in Table 1.25 In
agreement with the previous study, we found that the palladium
atom approaches the chloroalkane from the direction of the
chlorine atom. Thus, an {R–Cl � � � Pd} and not a {Pd � � � R–Cl}

Fig. 1 Geometrical parameters for the insertion of a “naked” Pd into
a C–Cl bond at two levels of calculation: local density from ref. 22
(bold) and B3LYP/BSI.

Scheme 2

Table 1 Relative energies for palladium insertions a

 ∆ZPCBSI
b ∆HBSI

b ∆HBSII
b ∆HBSII

c

Pd()insertion
1 0.2 �8.8 �9.0 0.0
2 �1.4 4.3 4.0 13.0
3 �0.8 �25.8 �26.9 �17.9
     
HPdCl insertion
4 0.8 �15.8 �15.8 0.0
5 �0.3 9.5 9.5 25.3
6 0.7 �11.1 �11.3 4.5
     
PdCl2 insertion
7 0.8 �15.5 �15.5 0.0
8 �0.7 15.4 15.5 31.0
9 0.0 0.3 0.3 15.8
a In kcal mol�1, ZPC included. b Relative to the starting materials
{catalyst (Pd(0), HPdCl or PdCl2) � DCE}. c Relative to the associated
complex (1, 4, 7).
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Fig. 2 Key geometrical parameters for the oxidative insertion of the “naked” Pd atom (1–3), HPdCl (4–6) and PdCl2 (7–9) into the C–Cl of 1,2-
dichloroethane as optimized at the B3LYP/BSI level.

reactant complex is formed (the latter has been suggested as a
precursor for an SN2 type insertion process).23 Moreover, the
oxidative insertions were found to proceed via triangular,
covalently bonded transition structures, rather than follow a
dissociative pathway that would involve charge separation or
free-radical species. It is significant that these similarities hold
for both the “naked” palladium atom (i.e. reflect the intrinsic
reactivity of palladium) as well as for the HPdCl and PdCl2

molecules.
While there are geometrical similarities between the three

activated complexes 2, 5 and 8 that represent the transition
structures, the agostic Pd–H interaction in the case of the
“naked” Pd (structure 2, dPd–H = 2.08 Å) is much reduced in the
HPdCl and PdCl2 transition states (structures 5 and 8, respect-
ively, dPd–H = 2.39 Å). The C–Cl activated bond in the TS also
differs, which may indicate an early transition state in the case
of 2 (dC–Cl = 2.10 Å), and a late transition state in the case of 5
(dC–Cl = 2.35 Å) and 8 (dC–Cl = 2.45 Å). However, the absolute
determination of which TS is earlier is difficult, as the Pd–C
bond lengths make 2 later than 5 and 8.

As indicated by the relative energies in Table 1, the Pd inser-
tion is easier for the “naked” Pd(0) atom than for the Pd()
species HPdCl and PdCl2. For the transition structures, the
value of the activation barrier 26 increased from the “naked” Pd
(13.0 kcal mol�1) to the substituted systems (25.3 kcal mol�1 for
HPdCl and 31.0 kcal mol�1 for PdCl2, respectively). This sug-
gests that the insertion of the PdCl2 is less likely. The same
was evidenced for the insertion products, viz. an endothermic
process (15.8 kcal mol�1) for PdCl2 vs. �17.9 kcal mol�1 for the
insertion of the “naked” Pd atom.

Comparison between pathways (a) and (b)

Here, one has to take into account the palladium insertion and
the abstraction of HCl, prior to the convergence of both path-
ways to structure 3. Key structural parameters and energies of
the potential energy surfaces for (a) and (b) are shown in Figs. 2
and 3 and in Table 2, and the energy profiles (∆H) along path-
ways (a) and (b) are drawn in Fig. 4. The insertion of the pal-
ladium into the C–Cl bond is an important barrier in both
cases. In pathway (a), the stable reactant complex 4 is formed,
which then undergoes oxidative insertion of the Pd atom into
the C–Cl bond (vide supra). Conversely, on pathway (b), the
HCl abstraction from HPdCl and subsequent DCE coord-

ination to the “naked” Pd leads to the structure {1 � HCl},
which is 8.3 kcal mol�1 above the reactants. The afore-
mentioned barrier of 13 kcal mol�1 for the insertion of the Pd

Fig. 3 Key geometrical parameters for the additional structures in
pathways (a) and (b) as optimized at the B3LYP/BSI level.
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atom into the C–Cl bond is added to this energy and renders the
transition state 2 21.2 kcal mol�1 higher than the reactants.

The large energy barrier for the transformation 4  5  6
may give the impression that (b) should be the favoured path-
way, but since the actual starting points of both (a) and (b)
would be lower due to the co-ordination of ligands, we suggest
that pathway (a) is preferred as it involves inherently lower
energies.

Ethylene formation

Following the convergence of (a) and (b) to structure 3, we
computed the energy changes for the dissociation of 3 into
ethylene and PdCl2, as evidenced by the experimental data.4 We
found that this reaction proceeds via the intermediate 15, which
features a four-membered heterocyclic ring. This intermediate
conforms well with the computational parameters, and it is
also easy to envisage its dissociation into the final reaction
product 16.

However, it is likely that the initial approximation of dis-
regarding ligand effects in this system does not hold in this case.
In the absence of ligands, the reaction pathway has to go
through 15, which is stabilized by the addition of the second
chloride to the palladium atom in the formation of the four-
membered ring. Conversely, in the actual solution, structure 3 is
already stabilized by two chloride ions, so that the chlorine
atom that is not attached to the palladium could leave through
an intermolecular reaction with an ammonium cation R4N

�

(see Scheme 3).27 The overall reaction would be the formation
of ethylene and the “pristine” catalyst {PdCl2(R4NCl)2} which
could begin a new catalytic cycle with an incoming alcohol
molecule.

Another mechanism is proposed in Scheme 4 where a ligand
exchange occurs between a halide chloride and an alcohol
molecule R2CHOH. Through this exchange one obtains a new
reactant complex for the alcohol oxidation, without actually
regenerating the starting catalyst [PdCl2(NR4Cl)2]. In this case,
the formation of ethylene would occur during the alcohol
oxidation.

Completion of the catalytic cycle

Here we considered the overall process of the catalytic oxid-
ation of alcohols to carbonyl compounds. We chose the
oxidation of methanol to formaldehyde as a model reaction
in order to simplify the system. The results are summarized

Table 2 Paths (a) and (b) for the alcohol oxidation a

 ∆ZPCBSI ∆HBSI ∆HBSII

Pathway (a)
10 � DCE 0.0 0.0 0.0
4 0.8 �15.8 �15.8
5 �0.3 9.5 9.5
6 0.7 �11.1 �11.3
12 �0.6 �7.5 �7.7
13 0.5 �19.3 �19.3

    
Pathway (b)
10 � DCE 0.0 0.0 0.0
Pd � HCl � DCE �0.2 16.2 17.3
1 � HCl 0.0 7.3 8.3
2 � HCl �1.6 20.4 21.2

    
Ethylene abstraction
3 � HCl �1.0 �9.6 �9.6
14 � HCl �1.7 �8.3 �8.4
15 � HCl �1.0 �18.8 �18.9
16 �3.8 9.7 9.5

a Energies relative to the starting materials {10 � DCE} in kcal mol�1,
ZPC included.

in Fig. 5. The corresponding structures 17–29 and their energy
parameters are presented in Fig. 6 and Table 3.25

The reaction sequence described in Scheme 3 is represented
by the broken line in Fig. 5. Starting from structure 3, PdCl2 is
formed via a mechanism involving NR4Cl ligands (not com-
puted). Following the formation of the associative reactant
complex 17, the activation of the alcohol O–H bond and the
formation of the H–Cl bond involve structures which are about
40 kcal mol�1 higher in energy than the reactants. The HCl
molecule can then be released for the last step of the oxidation
(depicted in the rectangle in Fig. 5).

In the second path (shown in Scheme 4 and represented by
a continuous bold line in Fig. 5), the activation of the alcohol
O–H bond and the formation of the H–Cl bond involve
structures which are at most ca. 26 kcal mol�1 higher than the
reactants. Ethylene is finally released as well as HCl for the last
step of the oxidation.

Before discussing the last part of the catalytic cycle, a brief
comment on the entropy effects that should be associated with
each part of the energy curves is in order. Since in the final part
of the cycle ethylene escapes as a gas from the reaction mixture
(cf. ref. 4) the corresponding ∆H values should be corrected for
entropy changes. As discussed above, we used the value of 10

Scheme 3 Suggested pathway for PdCl2 regeneration in the oxidation
of alcohols (ligands included).

Scheme 4 Suggested pathway for alcohol oxidation (ligands included)
that does not require the regeneration of the starting catalyst
{PdCl2(NR4Cl)2}.
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kcal mol�1 as an approximation for T ∆S for an rt dissociation.
This correction should apply to all the structures of the first
path of the methanol oxidation. It would lower by 10 kcal
mol�1 the whole broken-line curve and the last step in Fig. 5.
Though the difference between the two mechanisms becomes
smaller, the bold-line pathway is still favoured, its highest
transition barrier being at ca. 26 kcal mol�1 (28) vs. ca. 31 kcal
mol�1 (18).

The very last part of the alcohol oxidation (depicted in the
rectangle in Fig. 5) involves a small barrier followed by the
dissociation of 24 to the products HPdCl � H2C��O that are
26.0 kcal mol�1 above the reactants. This is of course the overall
∆H for the reaction R–OH � DCE  R��O � ethylene �
2HCl. However, even after correcting for the entropy contrib-
ution, the energetic cost is unsatisfactory for the continuation
of the catalytic cycle. This result, which does not depend on the

Fig. 4 Reaction energy profiles showing pathways (a) (continuous
bold line and roman text) and (b) (broken line and italicized text). The
arrows from {10 � DCE} to {Pd � DCE � HCl} and from 15 to 16
represent reaction paths for which the intermediates and transition
states could not be computed within our approximations.

proposed mechanism, suggests that larger entropy effects may
control the reaction, and/or that methanol may not be a good
model candidate. We briefly investigated the latter hypothesis
by calculating ∆H� for the oxidation of propan-2-ol to acetone,
and found a much lower value (∆H� = 14.4 kcal mol�1).25

With the correction of T ∆S the energy cost for propan-2-ol
oxidation becomes only ca. 4 kcal mol�1. However, while the
choice of the alcohol significantly affects the overall ∆H� for the
oxidation, it is not expected to modify much the whole catalytic
mechanism, as the formaldehyde is released only in the last step.

Conclusions
Palladium insertion into the C–Cl bond is a key transformation
in the catalytic oxidation of alcohols by DCE. Based on the
energy differences for the insertion of the “naked” Pd atom,

Table 3 Paths for the alcohol oxidation as described in Schemes 3
(17–24) and 4 (25–29) a

 ∆ZPCBSI ∆HBSI ∆HBSII

17 � HCl � ethylene �1.9 �16.3 �16.7
18 � HCl � ethylene �6.8 42.0 41.2
19 � HCl � ethylene �6.5 36.8 36.0
20 � HCl � ethylene �7.2 36.5 35.6
21 � HCl � ethylene �6.5 8.4 7.6
22 � 2HCl � ethylene �6.7 20.2 19.6
23 � 2HCl � ethylene �8.1 25.3 24.9
24 � 2HCl � ethylene �9.9 9.0 8.7
25 � HCl 1.1 �31.9 �32.0
26 � HCl �3.1 13.8 13.4
27 � HCl �2.1 7.8 7.2
28 � HCl �5.3 26.7 26.3
29 � HCl �3.2 �18.7 �19.2
10 � 2HCl � ethylene � H2C��O �11.9 26.0 26.0
a Energies are in kcal mol�1, relative to the starting materials {10 �
DCE � CH3OH}, ZPC included. These values can be compared
directly with those in Table 2.

Fig. 5 Reaction energy profiles for the oxidation of MeOH with PdCl2 (broken line, italicized text) and {3} (continuous line, roman text). The
energies are given in kcal mol�1, relative to the starting materials in Fig. 4, and corrected for the release of HCl and the inclusion of methanol. On
going from HPdCl to 3, a DCE molecule has come in and an HCl molecule has left. The arrows from 3 to {PdCl2 � ethylene} and from 24 to {HPdCl
� H2C��O} represent reaction paths for which the intermediates and transition states could not be computed within our approximations. Note that
the ordinate is discontinuous in the case of structures 18, 19 and 20.
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Fig. 6 Key geometrical parameters for the structures computed for the two paths of the alcohol oxidation as described in Schemes 3 (17–24) and 4
(25–29).

HPdCl and PdCl2, we suggest that the reaction of the last two is
less likely. The formation of ethylene is also an important step
in the cycle due to its high energy barrier. Significantly, it is
possible to start a new alcohol oxidation cycle using the inter-
mediate structure 3, so that regeneration of the starting catalyst
(PdCl2) is not a prerequisite.
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