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Ni-alkoxy, Ni-thiolate, and Ni-amido complexes are import-

ant analog of Ni-alkyl complexes. These compounds are

useful intermediates of the catalytic cycles for ethers, sul-

fides and amine production.1 β-Hydrogen elimination

reactions are considered side reactions that compete with

important reactions, such as reductive elimination reac-

tion, which results in C–X coupling, where X = C, N, or O

or other hetero elements. On the other hand, the β-hydro-

gen elimination reaction is an important step in the hydro-

lysis of ether, i.e., the C–O bond cleavage reaction.2 

Tridentate pincer ligands have been used as a model

frame to explore many important organometallic reac-

tions for more than forty years because they provide a planar

arrangement of the ligand atoms around the central metal and

rigid frameworks that reduce the conformational complex-

ity.3 Typical tridentate pincer ligands are symmetric, i.e.,

two P atoms at both ends and a C/N/O atom in the middle.

With this type of ligand, organometallic reactions occur

between the substrates, and the pincer ligands of the com-

plexes serve as the non-reacting rigid framework. A new

type of tridentate pincer ligand, which has a non-symmetric

arrangement of donor atoms, i.e., PPC pincer arrangement

around the central transition metal atom, was recently

reported.4 (See Scheme 1)

With this nonsymmetrical type of pincer ligand, the

boundary of the reaction could be extended to reactions
between the substrate R2 and the phenyl ring of the pincer

ligand. A recent paper reported the results of density func-
tional theory (DFT) studies on the reductive elimination and

hydride transfer reactions between the alkyl substrate and
the PPC ligand of Ni complexes.5 The present work reports

the results of a computational study on the alkoxy, thiolate,
and amido complexes of Ni with the PPC ligand.

Table 1 lists the Gibbs free energy of activation (ΔG†)

for reductive elimination and β-hydrogen transfer for var-

ious Ni complexes reported in Ref 4 and their analogs.

Two reaction paths were considered. For β-hydrogen

transfer from the substrate R2 to the phenyl ring of the pin-

cer ligand: Path 1) β-hydrogen elimination followed by C–H

reductive elimination, and Path 2) σ-CAM mechanism as

depicted in Scheme 2. Path 1 is the conventional pathway

in which C=X double-bonded species do not participate

directly in the second step of the path, and H is transferred

from Ni to the recipient carbon atom. On the other hand, X,

C, and H atoms are located in the same plane as the recip-

ient carbon atom in path 2, and H is transferred from the

carbon atom of the R2 substrate to the phenyl ring. For

general substrate dependence, the ΔG† for the β-hydrogen

transfer reaction is in increasing order: alkoxy < imido <

thiolate, which is in excellent agreement with the exper-

imental observation.4 The ΔG† for the reductive elimination

reactions differs from the order for the β-hydrogen trans-

fer, which also agrees with the experimental results for the

late transition metal complexes with the bidentate ligands.6

Complexes containing polarizable and nucleophilic thio-

late ligands have faster reaction rates than complexes with

alkoxy ligands. The only exception to the general trend is

Scheme 1. Ni PPC pincer complexes.



Density Functional Theory Study on β-Hydrogen Elimination Reaction at a PPC Nickel Complex 205

2023, Vol. 67, No. 3

the case of large alkyl substituents on P atoms with a large

imido substrate where the steric effect in the reactant dom-

inates.

For alkoxy substrate, the ΔG† for the β-hydrogen trans-

fer is much smaller than that for the reductive elimination,

which is consistent with the experimental result.4 The β-H

elimination followed by the aryl-H reductive elimination

pathway is slightly favored over the σ-CAM, which is

similar to the previous experimental result with Ni PCP

complex.2 The dependence on the substituent of the P

atoms is relatively small compared to rigid, symmetric tri-

dentate cases studied previously.7 Ni PCP pincer complexes

with higher alkoxy ligands are thermally very stable and

only undergo β-hydrogen elimination slowly at high tem-

peratures around 100 ℃,8 which is in sharp contrast to the

present study with an asymmetric and flexible PPC ligand.

For the imido substrate, the ΔG† for the H transfer reac-

tion and the reductive elimination reaction are compara-

ble. Unlike other substrates, the large size of the substrate

destabilizes the reactant with tBu-substituted PPC ligand,

resulting in relatively smaller ΔG† than Me- and iPr-sub-

stituted PPC ligands. The calculated ΔG† for the imido

substrate is slightly larger than the alkoxy substrate, which

agrees with the experimental observations.4

For the SiPr substrate, the σ-CAM route of the H trans-

fer has a lower ΔG† than the hydride route of H transfer

and reductive elimination reactions, as shown in Table 1.

For bidentate Pd DPPE complexes, C–S coupling via

reductive elimination is expected,1 in which StBu is cou-

pled to toluene over the temperature range of 40–70 ℃

with the activation Helmholtz free energy ΔH‡ of 25.2 kcal

mol–1. Rapid equilibrium exists for Ar/SAr’ and Ar’/SAr

ligands for bidentate Ni complex at room temperature,

which suggests that the reductive elimination followed by

the oxidative addition reaction of the C–S bond occurs at

room temperature.9 Nevertheless, the thiolate substrate

with PPC tridentate ligand in this study has the highest ΔG†

compared to the other substrates, which agrees with the

experimental results.4 

The computed geometries cannot be compared with the

experimental ones directly because the PPC Ni oxo complexes in
this study are reactive. On the other hand, the geometries of

PCP Ni oxo complexes were reported previously. The Ni–O

and O–C distances of the complex R1 = tBu and R2 = OiPr in
this study were calculated to be 1.90 Å and 1.40 Å, respec-

tively, which is in excellent agreement with the geometries
found in PCP Ni complexes.8 Regarding the NMePh sub-

strate that is not reactive at room temperature, RMS devi-
ation from the experiments is 0.17 Å (all heavy atoms) and

0.05 Å (pincer chain). The calculated Ni–N distance of 1.94
Å is in excellent agreement with the experiment4 and slightly

larger than similar NH2 complexes with a PCP pincer ligand.10

RMS deviation from the experimental X-ray structure for

the thiolate substrate is 0.17 Å (all heavy atoms) and 0.06 Å
(pincer chain). The main deviations are located on the tBu

side chains on P atoms, which may be subjected to the crys-
tal packing constraints. The calculated Ni–S distance of

2.29 Å is in excellent agreement with the experimental X-ray
structures in Ni-PPC,4 Ni-PCP,11 and Ni-PNP12 thiolate

complexes. 
Fig. 1 presents the geometry of the TS’s of β-H transfer

reaction in path 1 for the PPC oxo complex (R1 = tBu, R2 =
O-iPr). In the TS of the first step, the Ni–O bond is almost bro-

Table 1. Gibbs free energy of activation, ΔG†, for the reactions at
Ni center in PPC Ni complexes at B3PW91-d3/LACVP** level
with continuum solvation model of tetrahydrofuran (in kcal mol−1)

R2

β-H transfer, hydride path

R1 = Me R1 = iPr R1 = tBu

O-iPr
30.1 (TS1)

16.3 (TS2)

30.5 (TS1)

19.9 (TS2)

33.5 (TS1)

16.0 (TS2)

S-iPr
46.2 (TS1)

34.9 (TS2)

48.5 (TS1)

40.3 (TS2)

48.8 (TS1)

38.9 (TS2)

NPhMe
39.9 (TS1)

33.6 (TS2)

38.3 (TS1)

35.5 (TS2)

35.5 (TS1)

34.0 (TS2)

R2

β-H transfer, σ-CAM path

R1 = Me R1 = iPr R1 = tBu

O-iPr
35.2 (TS1) 

17.3 (TS2)

38.9 (TS1)

25.5 (TS2)

34.8 (TS1) 

24.5 (TS2)

S-iPr
37.2 (TS1)

24.5 (TS2)

38.5 (TS1)

29.5 (TS2)

37.6 (TS1)

28.2 (TS2)

NPhMe
40.7 (TS1)

27.8 (TS2)

45.2 (TS1)

36.3 (TS2)

48.1 (TS1)

32.6(TS2)

R2

Reductive elimination

R1 = Me R1 = iPr R1 = tBu

O-iPr 42.1 42.9 41.0

S-iPr 39.9 40.1 40.5

NPhMe 40.6 39.9 35.7

Scheme 2. Two β-hydrogen transfer pathways.
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ken with a large distance, and the H atom is in the course of
transfer from C to Ni. In the second step, the H atom is trans-

ferred from Ni to C of the phenyl ring of the ligand. The dis-

sociated ketone in the first step does not participate in the
transfer process.

For the SiPr substrate, the σ-CAM route has a lower

ΔG† than the hydride route, as shown in Table 1. Fig. 2 is

the geometry of the transition states for the σ-CAM route.

Unlike the oxo complexes, the thiolate substrate involves

in the H transfer process, and Ni, S, C (thiolate), H, and C

(phenyl) atoms are located in the same plane, as shown in

Fig. 2(b).

For an amido ligand with an α-hydrogen, it is also pos-

sible to have an α hydrogen transfer reaction that would

result in a Ni imido complex. Table 2 lists the ΔG† of the

reaction for the NHiPr substrate. α abstraction leading to

metal-carbene complexes has the highest activation bar-

rier for all the cases, and β-H transfer via the σ-CAM route

and reductive elimination show comparable activation bar-

riers. Steric or electronic effects due to side chains on the

ligand phosphorus atoms were barely found for all three

reactions, which was also found for the other Ni pincer

complexes in this study. 

In conclusion, DFT computational methods were used

to study various reactions at the transition metal center of

PPC Ni complexes. The computational results were in

excellent agreement with the experiments. The alkoxy

complexes show facile reactivity and thiolate complexes

are the least reactive. For the amido ligands with an α-

hydrogen, α abstraction has the highest activation barrier,

which indicates that Ni imido complex is not obtained in

this synthetic route.

COMPUTATIONAL DETAILS

The geometry of the chemically relevant structures, i.e.,

minima and maxima along the reaction coordinates of the

various reactions, such as reductive elimination, α abstrac-

tion, and β elimination considered in this work, were opti-

mized using the Jaguar v8.8 suite.13 The functional and

the basis set for DFT adopted in the present study was

B3PW91-d3/LACVP**, which shows excellent agreement

with the experimental data for the pincer transition metal

complexes by considering van der Waals interactions.14 Har-

monic vibrational frequency calculations were performed

to identify all the optimized structures by counting the num-

ber of imaginary frequencies and calculating the thermo-

dynamic quantities at 298 K under 1 bar pressure through

rigid rotor-harmonic oscillator approximation. Intrinsic

reaction coordinate calculations were also performed to

verify the reaction paths from the transition states to the

minima of the reaction paths (the reactant, the interme-

diate, or the product).15,16
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