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INTRODUCTION

Carbon-hydrogen bond functionalization reaction is a

highly atom-economical approach for the site-selective forma-

tion of C-N bond [1-3]. As a most valuable tool of activating the

unreactive carbon-hydrogen bond, transition metal-catalyzed

reactions have been extensively and systematically investigated

[4,5]. Among transition metals, palladium shows an excellent

catalytic performance for appropriate coordinating with all

kinds of ligands, such as N-heterocyclic carbenes [6-8] and

acetate [9-12] and it has become one of the most effective

transition metal catalysts [13-15]. Palladium catalysts have been

widely used in C-N coupling reactions, like Suzuki-Miyaura

reaction [16-18], Heck-Mizoroki reaction [19-22], Stille reaction

[23-27] and Sonogashira reaction [28-30]. Wang et al. [31] studied

the reaction of N-methoxybenzamides and methyl acrylate by

palladium-catalyzed and found that the reaction could achieve

a high yield under relative mild circumstances. Zhang et al. [32]

studied amination of carbon-hydrogen bond under the existence of

palladium catalyst, which provides versatile approaches to ammo-

niate aromatic ring. Buchwald et al. [33] studied the formation

mechanism of carbon-nitrogen and carbon-oxygen bond which

catalyzed by palladium. Takeda et al. [34] studied palladium-

catalyzed reactions between ethylenes and carbazole. Accor-

ding to the issue, a plausible mechanism of the reaction is
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Pd(II) center coordinated with styrene and subsequent activated

ethylene and finally the acetic acid deprives from the product

one by one as well as the palladium atom.

In a reaction the palladium catalyst can deprive from

product not only as separated acetic acid molecule and palladium

atom but also a whole part. To make the reaction mechanism

between N,N-dimethyl acrylamide and carbazole derivatives,

this article illustrated a theoretical study on Pd-catalyzed

reaction between N,N-dimethyl acrylamide and carbazole deri-

vatives.

COMPUTATIONAL METHODS

Gaussian 09 program [35] was employed for all calcu-

lations which based on the fundamental laws of quantum

mechanism give numerous of important information. At the

very beginning, we studied the reaction with the hybrid B3LYP

[36] functional and the effective core potential basis set

LANL2DZ [37] for metal element and 6-31G** [38-41] basis

set for non-metal elements. Geometries of every molecules

are optimized by M06 [42] functional with LANL2TZ [37,43]

basis set for palladium atom and 6-31G** basis set for other

nonmetal atoms. In this paper, vibration frequencies were

calculated to get thermal corrections and identify transition

states of every stationary point and the natural bond orbital

(NBO) [44,45] analysis was applied to evaluate the Wiberg



bond indices. All these calculations were carried out at the

same level. The MOL files of corresponding structures at every

stationary points which optimized by M06 functional were

presented in the supplementary data. For the reaction, the

calculations of M06 and B3LYP methods achieved a same

result. Therefore, this study focused on results calculated with

M06 functional to discuss the mechanism of the reaction

between N,N-dimethyl acrylamide and carbazole derivatives.

RESULTS AND DISCUSSION

Mechanism of the reaction without catalyst: Without

catalyst, the reaction occurred through just one pathway, which

includes two steps. Figs. 1 and 2 show molecular parameters

(optimized configurations, bond lengths, atom labels and the

Wiberg bond indices) and free energies respectively.
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Fig. 2. Schematic relative free energy profile for the reaction calculated at

the M06/6-31G** level

Firstly, the intermediate NO-IM1 was formed by the nitrogen

atom in carbazole derivatives attacking the carbon atom in

N,N-dimethyl acrylamide through NO-TS1 the transition state

of the reaction. The distance between C1 and N21 atoms short-

ened from 0.1750 nm to 0.1600 nm while the Wiberg bond

index increased from 0.480 to 0.613 during this process. These

changes indicate that the C1-N21 bond has come into being.

This process is hard to take place without catalyst due to the

high energy barrier of 254.57 kJ mol-1. Secondly, the bond

length of N21-H22 increased from 0.1022 nm to 0.1153 nm and

the Wiberg bond index decreased from 0.715 to 0.433 during

the process of NO-IM1 to NO-TS2, which indicates that the

N21-H22 bond is breaking. There were similar tendencies happening

in the C1-H23 bond that the bond length have been increased

from 0.1099 nm in NO-IM1 to 0.1620 nm in NO-TS2. But

the length of the H22-H23 bond decreased to 0.1332 nm and the

Wiberg bond index increased to 0.224 in NO-TS2 at the same

time. The forming process of H22-H23 bond in NO-TS2 needs

a relative high energy barrier of 177.45 kJ mol-1. As shown in

Fig. 2, the determining step of the reaction without catalyst is

proved to be the formation of the C-N bond with the energy

barrier of 254.57 kJ mol-1. That indicates the reaction without

catalysts is kind of tough to react with such a high energy barrier.

Mechanism of the Pd-catalyzed reaction by palladium

acetate: The reaction could take place through two possible

pathways with the palladium acetate catalyst. Figs. 3 and 4

show molecular parameters (optimized configurations, bond

lengths, atom labels and the Wiberg bond indices) and free

energies respectively.

As shown in Figs. 3 and 4, the first pathway involves five

steps. The first step is that the palladium acetate coupled with

the C1=C2 double bond in the reactant R1 and generated the

intermediate IM1. In this procedure, the distances between

palladium atom and C1 and C2 atoms decreased to 0.2159 nm

and 0.2179 nm and the Wiberg bond indices increased to 0.433

and 0.406 in IM1, respectively. These indicate that there is an

interaction between the catalyst and the reactant. Due to the

coupling, the free energy of the reaction reduced to 138.81 kJ

mol-1, which means a strong interaction between Pd17 atom

and C1=C2 bond happened. And this interaction made the

strength of C1=C2 bond substantially weakened and turned the

C1=C2 bond into a single bond. Changes of the bond lengths

and Wiberg bond indices demonstrate that π-electrons trans-

ferred from C1=C2 bond to the empty d-orbital of palladium

atom, which facilitated the chemical activity of C1-C2 bond.

In the second step, the N21 atom in R2 attacked the C1 atom in

IM1 and generated the intermediate (IM2) though the transition

state (TS1). In this process, the length of the C1-N21 bond

decreased from 0.2144 nm in TS1 to 0.1529 nm in IM2 and

the Wiberg bond index increased from 0.359 to 0.860 that

means the formation of the C1-N21 bond. Although this process

Fig. 1. Optimized geometry parameters and the Wiberg bond indices (in parenthesis) at the M06/6-31G** level (bond length in nm)
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has a relative high energy barrier of 137.91 kJ mol-1, as illus-

trated in Fig. 4, the exothermic heat of the formation IM1 is

sufficient to promote the reaction. The third step is the trans-

formation of H22 atom from N21 atom to O42 atom. The bond

length of the N21-H22 bond increased from 0.1044 nm in IM2

to 0.1200 nm in TS2 and the Wiberg bond index dropped from

0.530 to 0.353. The distance of O42-H22 bond reduced from

0.1301 nm in TS2 to 0.0981 nm in IM3 and the Wiberg bond

index increased from 0.316 to 0.652 at the same time. Changes

of these two bonds show the break of the N21-H22 bond and the

formation of the O42-H22 bond. And then the transformation of

H22 was completed. The fourth step is that the H23 transferred

from C1 to O20. The bond length of C1-H23 is increased from

0.1095 nm in IM3 to 0.1344 nm in TS3-A and the Wiberg

index dropped from 0.868 to 0.314, which signifies that the

C1-H23 bond is gradually breaking. And the bond length of the

O20-H23 bond reduced from 0.1269 nm in TS3-A to 0.0988

nm in IM4-A and the Wiberg index decreased from 0.868 in

Fig. 3. Optimized geometry parameters and the Wiberg bond indices (in parenthesis) at the M06/(Pd:LANL2TZ;C,H,O,N:6-31G**) level

(bond length in nm)
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TS3-A to 0.641 in IM4-A suggested the formation of the

O20-H23 bond. The H23 transformation needs to surmount an

energy barrier of 70.72 kJ mol-1. In the fifth step, the catalyst

dropped off from the product. The bond lengths of C1-Pd17

and C2-Pd17 increased from 0.2160 nm and 0.2108 nm in IM4-

A to 0.2931 nm and 0.2500 nm in TS4-A. The Wiberg bond

indices of these two bonds shortened from 0.422 and 0.390 in

IM4-A to 0.091 and 0.010 in TS4-A. These changes indicate

that C1-Pd17 and C2-Pd17 bonds are breaking and the palladium

acetate is leaving. The energy barrier of this procedure is 73.04

kJ mol-1. Comparing these five procedures, the formation of

the C-N bond which is the determining step has the highest

energy barrier.

As shown in Figs. 3 and 4, the second pathway is that

acetate molecules and the palladium atom of the catalyst

departing from the product one by one. This pathway involves

seven steps, in which the first three steps have no difference

with the first pathway. But in the fourth step, one of the acetate

molecules departed from IM3. In TS3-a, the bond length of

the O40-Pd17 bond increased to 0.2780 nm while the Wiberg

bond index decreased to 0.110 that indicate the bond is

breaking. The energy barrier of this step is 38.76 kJ mol-1. The

fifth step is that the H23 transferred from C1 atom to O20 atom.

The bond length of the C1-H23 bond increased from 0.1099

nm in IM4-a to 0.1303 nm TS4-a and the Wiberg bond index

decreased from 0.902 into 0.472, respectively. The Wiberg

bond index of the H23-O20 bond increased from 0.276 in TS4-

a to 0.648 in IM5-a and bond length shortened from 0.1335

nm to 0.0984 nm. These data demonstrate that the H23-O20

bond is gradually forming as well as the C1-H23 bond is brea-

king. Fig. 4 presented that the transformation of hydrogen (H23)

required an energy barrier of 160.30 kJ mol-1. Another acetate

molecule departed from IM5-a in the sixth step. The distance

between Pd17 and O18 became longer and longer till 0.2900

nm whereas the Wiberg bond index dropped to 0.085 in TS5-a.

A small Wiberg bond index demonstrates that one of the acetate

molecules is leaving from the palladium atom. It is not difficult

for acetate molecule to leave, on account of the relative low

energy barrier, which is just 50.22 kJ mol-1 in this step. And

the palladium atom departed from the product finally. The bond
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Fig. 4. Schematic potential energy profile for the reaction calculated at the M06/(Pd: LANL2TZ; C,H,O,N: 6-31G**) level

lengths of C1-Pd17 and C2-Pd17 increase from 0.2178 nm and

0.2150 nm in IM6-a to 0.3372 nm and 0.3150 nm in TS6-a,

which indicate the departure of the Pd17. And the palladium

atom seems like hard to depart from the product with the energy

barrier of 76.44 kJ mol-1. Comparing with energy barriers of

seven processes, the transformation of H23 is the determining

step of this pathway and it has the highest energy barrier of

160.30 kJ mol-1.

From Figs. 2 and 4, it can be seen that the reaction with

catalyst sharply decreases the energy barrier of the determining

step by 116.66 kJ mol-1 compared with the one without catalyst.

And the barrier of the dominant pathway in the catalyzed

reaction is 22.39 lower than the other pathway.

Conclusion

M06 functional with LANL2TZ for metal element and 6-

31G** basis set for non-metal elements was applied to study

the reaction mechanism between N,N-dimethylacrylamide and

carbazole derivatives. The reaction without catalyst occurs

through just one pathway and the determining step which has

an energy barrier of 254.57 kJ mol-1 is the formation of the C-N

bond. However, the Pd-catalyzed reaction can react via two

pathways. The determining step of each pathway is the forma-

tion of the C-N bond with a free energy barrier of 137.91 kJ

mol-1 and the transformation of the H23 with a free energy barrier

of 160.30 kJ mol-1. The palladium acetate alters the reaction

mechanism and significantly decreases the free energy barrier

of the key step. Furthermore, the catalyst deprive from product

integrally was superior to depart acetate molecules and palladium

atom separately. This study has illustrated the reaction mecha-

nism of the title reaction and it has a reference value for designing

catalysts for similar reactions.
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