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Abstract The mechanism of the preactivation process of

trans-dichlorobis(diethanolamine-N)palladium(II) complex

is investigated using density functional theory. The role of

diethanolamine (a solvent for the reaction in the absence of

a strong base) and acetonitrile (solvent for the reaction in

the presence of a strong base) is analyzed by using a dis-

crete model. The Onsager model is applied to assess the

effect of the bulk medium. Both models show that dieth-

anolamine activates the complex and thus is a better suited

solvent for the Heck reactions of the investigated complex.
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Introduction

The Heck reaction, i.e., the palladium-catalyzed arylation

of olefins, has been attracting much attention [1–8], and a

Pd(0) complex has been generally accepted as the cata-

lytically active form [9, 10]. Oxidative addition and

reductive elimination, important steps in the Heck reaction

mechanism, have been subjects of numerous experimental

[11–17] and computational studies [16–22]. On the other

hand, the mechanism of the preactivation process, where

the Pd cation is reduced to Pd(0), has not been completely

elucidated. In addition, very little is known about the

molecular structure of the Pd(0) complex.

In our previous study, the recently synthetized trans-

dichlorobis(diethanolamine-N)palladium(II) complex (trans-

[PdCl2(DEA)2] (1)) [23] has been used as a catalyst precursor

in phosphine-free Heck reactions [24]. The reactions

between different olefins and aryl halides catalyzed with 1

have been carried out in the presence of a weak (diethanol-

amine) and strong (NaOEt) base, and a mechanistic study of

the intramolecular reduction of 1 in the presence of a strong

base has been performed. In [24] the mechanism of the

preactivation process of 1 in the presence of a weak base as

well as the solvent effects on the preactivation reaction per-

formed in the presence of the weak and strong bases have not

been studied in detail. The aim of this work is to fill this gap.

Results and discussion

The first part of our investigation is devoted to the trans-

formations of 1 in the presence of a weak base. The

proposed mechanism for the reaction performed in the

presence of a weak and strong base is presented in Fig. 1

(pathways A and B).

It is reasonable to expect that polar molecules of

diethanolamine (solvent for the reaction in the absence of a

strong base [24]) and acetonitrile (solvent for the reaction

in the presence of a strong base [24]) form hydrogen

bondings with polar groups of the solutes and possibly

influence the preactivation reaction course. The second part

of our work is devoted to the influence of these two sol-

vents upon the mechanism of the preactivation reaction of

1. The role of solvents in the energy and geometry of

relevant stationary and saddle points is analyzed by using

discrete model. The solvent is simulated by adding discrete

molecules of diethanolamine and acetonitrile. The Onsager

model is used to assess the effect of bulk medium.
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Preactivation reaction in the presence of a weak base

As expected, the initial abstraction of a proton from an

alcoholic OH group in 1 does not occur in the absence of a

strong base. Instead, a hydrogen bonded to the carbinol C1

atom (Fig. 2) coordinates to Pd(II) [9, 25], thus forming 4

and an iminium ion, via transition state 6 (Fig. 1). This

process requires an activation barrier of 111.8 kJ/mol,

which is higher than that observed in the reaction per-

formed in the presence of a strong base by 28.8 kJ/mol

[24]. The further course of the reaction is identical to that

of the reaction performed in the presence of a strong base

and involves reductive elimination of HCl, where the cat-

alytically active anion 5 is formed. The optimized

geometries of 1, 6, 4, and 5 are presented in Fig. 2, whereas

Fig. 1 Proposed mechanism of the preactivation process of trans-

[PdCl2(DEA)2] (1). Pathway A in the presence of a weak base;

pathway B in the presence of a strong base. The notation in pathway B
is identical to that used in [24]. R = –CH2CH2OH

Fig. 2 Optimized geometries of

trans-[PdCl2(DEA)2] (1),

transition state 6, and

intermediates 4 and 5

Table 1 Selected bond distances for transition state 6

Dist./nm

Pd-Cl1 0.2367

Pd-Cl2 0.2352

Pd-N1 0.3491

Pd-N2 0.2088

Pd-H2 0.1822

C1-H2 0.1137

The crucial bond distances for 1, 4, and 5 are provided in [24]
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the selected bond distances for 6 are given in Table 1. The

values of electronic energies, enthalpies, and free energies

for 1 and 4–6 are provided in Table 2.

The natural bond orbital (NBO) analysis of 1 reveals

covalent bonds between the Pd and Cl atoms, whose hybrid

composition is: 0.42(sp2.2d1.2)Pd ? 0.91(sp5)Cl. A 3-center

N1-Pd-N2 hyperbond is observed. There is strong donation

of density from the lone pairs on the N atoms to the

adjacent r* antibonding Pd-N orbitals, in accord with the

usual chemical picture of 3-center 4-electron hyperbonds.

In 6 palladium forms the following covalent bonds:

0.42(sp2.6d1.4)Pd ? 0.91(sp6.2)Cl1, 0.43(sp2.3d1.3)Pd ? 0.90

(sp6.5)Cl2, and 0.43(sp0.1d0.9)Pd ? 0.90(sp5.3)N2. There is a

weak C1-H2 bond with an occupancy of 1.87 and hybrid

composition 0.73(sp3.7)C1 ? 0.68(s)H2. A predominant p

character in sp hybridization on C1 with little s mixing is

noticeable. This bond delocalizes into the formally empty,

almost pure p orbital of palladium. In the further course of

the reaction, this electron pair is used for the formation of

the Pd-H2 bond in 4. In 4 palladium forms covalent

bonds with the Cl atoms (0.40(sp2.3d1.3)Pd ? 0.92(sp4.5)Cl)

and with H2 (0.71(sp0.2d1.0)Pd ? 0.70(s)H2. There is no

Table 2 Total energies (E), enthalpies (H298), and free energies (G298) of

the participants in the preactivation reaction of trans-[PdCl2(DEA)2] (1) in

the absence of a strong base

Species 1 6 4 5

-E/a.u. 1,775.343703 1,775.298281 1,411.935525 951.081853

-H298/a.u. 1,775.318838 1,775.273562 1,411.919756 951.068273

-G298/a.u. 1,775.400576 1,775.357981 1,411.980620 951.123487

Fig. 3 Optimized geometries of

the solvated trans-
[PdCl2(DEA)2] complex (7),

deprotonated trans-
[PdCl2(DEA)2] complex (9),

and corresponding transition

states (8 and 10)
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covalency between the Pd and N2 atoms. Instead, the lone

pair on N4 (sp5.1 orbital with an occupancy of 1.80)

donates density to the formaly empty, almost pure p orbital

on palladium, and to the r* antibonding Pd-H2 bond. In 5

palladium is approximately sp hybridized and forms

covalent bonds with nitrogen and chlorine. r bonding

Pd-Cl1 orbital is delocalized to r* antibonding Pd-N2

orbital, and r bonding Pd-N2 is delocalized to r* anti-

bonding Pd-Cl1 orbital.

Solvation models

To examine the solvent effects on the preactivation reac-

tion of 1, a discrete diethanolamine molecule is added to

both 1 and 6, so that it is placed next to the reactive center.

The so-obtained structures are fully optimized without any

movement restriction (7 and 8 in Fig. 3). Following the

same procedure, a molecule of acetonitrile is added to 2

and 3. In this way, the structures 9 and 10 are obtained, and

they are also depicted in Fig. 3. Selected bond distances for

7–10 are presented in Table 3, whereas the values of

electronic energies, enthalpies, and free energies are pro-

vided in Table 4.

Figure 3 and Table 3 show that in all cases the formed

arrangements are controlled with hydrogen bonds between

the solute and solvent molecules (O2-H1 in 7 and 8; O1-H5

in 9 and 10; O3-H6 in 10). The sum of the free energy

values of 2 and acetonitrile is higher than that of 9 by

18.1 kJ/mol. This fact implies that on solvation in aceto-

nitrile, the deprotonated complex becomes stabilized, and

thus slightly deactivated for the reaction. On the other

hand, the sum of the free energy values of the complex 1

and diethanolamine are lower than that of 7 by 26.7 kJ/

mol. This indicates that on solvation in diethanolamine 1

becomes activated for the reaction. In accord with this

consideration, the activation barriers required for the for-

mation of 8 and 10 amount to 102.2 kJ/mol (lowered in

comparison with 6) and 91.6 kJ/mol (elevated in compar-

ison with 2 [24]).

The Onsager model also indicates that diethanolamine

decreases, whereas acetonitrile increases the energy of

activation. Namely, the activation energies needed for the

formation of 8 and 10 are equal to 108.9 and 101.5 kJ/mol.

The computed activation energies are in accord with our

experimental results, which showed that the presence of a

strong base accelerated the rate of the examined Heck

reactions, though it slightly decreased the yields [24].

These findings indicate that diethanolamine may be a

more suitable solvent for the Heck reaction, where 1 is

used as a precatalyst, than acetonitrile. The Heck reactions

in the presence of a strong base and diethanolamine

as solvent are under experimental and computational

investigations.

Method

To provide the compatibility of the results of this work

with the findings of our previous investigation [24], we use

the same computational method. Thus, the density func-

tional theory calculations are carried out with the Gaussian

03 package of programs [26]. The minima and transition

states are fully optimized with the B3LYP hybrid func-

tional [27, 28]. The 6-31G(d) basis set is used for C, H, O,

N, and Cl, and LANL2DZ ? ECP [29] is employed for the

Pd center. Natural bond orbital [30] (Gaussian NBO ver-

sion) and vibrational analyses are performed for all

structures. To describe solvent effects to the key step in the

preactivation process of 1, the microsolvated and Onsager

models are used.

Acknowledgments This work is supported by the Ministry of Sci-

ence and Environment of Serbia, project no. 142013 B and 142025.

Table 3 Selected bond distances in the solvated trans-[PdCl2(DEA)2]

complex (7), deprotonated complex (9), and corresponding transition

states (8 and 10)

Dist./nm

7 8 9 10

Pd-Cl1 0.2378 0.2387 0.2399 0.2386

Pd-Cl2 0.2378 0.2342 0.2400 0.2388

Pd-N1 0.2112 0.3666 0.2114 0.2542

Pd-N2 0.2120 0.3155 0.2125 0.2234

Pd-H2 0.3049 0.1807 0.2627 0.1943

C1-O1 0.1418 0.1370 0.1365 0.1301

C1-H2 0.1094 0.1166 0.1115 0.1212

O1-H1 0.0981 0.0992

O2-H1 0.1844 0.1731

O2-H3 0.0969 0.0982

O1-H4 0.1543 0.1942

O3-H4 0.1038 0.0970

O1-H5 0.1785 0.1942

O3-H6 0.2931 0.4639

Table 4 Total energies (E), enthalpies (H298), and free energies (G298) of

the solvated trans-[PdCl2(DEA)2] complex (7), deprotonated complex (9),

and corresponding transition states (8 and 10)

Species 7 8 9 10

-E/a.u. 2,139.390285 2,139.352544 1,907.512421 1,907.475549

-H298/a.u. 2,139.354639 2,139.317575 1,907.483935 1,907.446154

-G298/a.u. 2,139.465219 2,139.426286 1,907.575815 1,907.540919
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123



References

1. Heck R (1979) Acc Chem Res 12:146
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