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Abstract: The reaction mechanism for CO: activation by (PNN)Ru(H)(CO) was
comprehensively investigated by means of density functional theory method. The
theoretical results indicate that: 1) isomer 1 (with methylene in phosphorus side
arm) is more stable than 2 (with methylene in amide side arm) by 6.45 kcal/mol,
and two hydrogen migration steps with barrier heights of 49.95 and 38.24 kcal/mol,
respectively, are involved in the tautomerism between 1 and 2; 2) The direct
[1,3]-addition of CO2 to 1 and 2 affords 4 and 5, respectively, by forming new C-C
and Ru-O bonds. The addition barriers are calculated to be 9.83 and 6.66 kcal/mol,
while the decomposition barriers of 4 and 5 are 7.97 and 19.38 kcal/mol,
respectively; 3) Reverse [1,3]-additions leading to 6 and 7 are thermodynamically
and kinetically unfavorable. The frontier molecular orbital analysis shows that CO2
[1,3]-addition leading to 4 and 5 is preferred to inverse [1,3]-addition leading to 6
and 7, respectively.
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1. Introduction

In the past few decades, cooperative catalysis based on new modes of metal ligand
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cooperation has experienced an explosive progress for their powerful catalytic activity in the
asymmetric synthesis. PNN-, PNS- and PNP-type ruthenium pincer complexes have shown
substantial catalytic activity in a variety of reactions [1-5]. A series of recent reports by
Milstein have demonstrated that pincer-ligated Ru complexes such as (PNN)Ru(H)(CO)
(PNN=6-(di-tert-butylphosphinomethylene)-2-(N,N-diethylaminomethyl)-1,6-dihydropyridi

ne) and (PNP)Ru(H)(CO) (PNP=2,6-(di-tert-butylphosphinomethylene) -1,6-dihydropyridine)
are highly effective catalysts for the hydrogenation of carbonyl compounds, including esters,
amides, and carbamides[6-16].

2012, Milstein and co-workers [17] reported the cooperative [1,3]-addition of CO: to the
unsaturated PNP-pincer complex [Ru(PNPtBu*)(H)(CO)]. Their experimental results
showed that CO: [1,3]-addition via forming new C-C and Ru-O bonds was proved to be the
most feasible reaction mode, and they demonstrated that dispersion correction is very
important in mechanism study by density functional theory.

2012, Sanford and co-workers reported the activation of CO2 at (PNN)Ru(H)(CO) via
C-C coupling with the pincer ligand in conjunction with Ru—-O bond formation under mild
condition [18]. The discoveries have great practical significance in synthetic chemistry as
well as the reutilization of carbon dioxide [19]. Although Sanford and co-workers proposed
similar catalytic mechanism as CO: activation by PNP-Ru complex [17], the detailed
mechanism, especially the information of the rate-determining step of CO: activation by
PNN-Ru complex, is still unknown.

In this paper, we present the computational investigations into the mechanism of the
COz activation reaction by (PNN)Ru(H)(CO) using the density functional theory. The
mechanisms of tautomerization between the two isomers of (PNN)Ru(H)(CO), and their
[1,3]-addition reaction with CO:2 were fully considered. The essential role of noninnocent
pincer ligand in the rate-determining step of CO: activation processes was revealed and
analyzed in depth.

2. Computational Methods

All geometric optimizations and vibration analysis were performed with the Gaussian03
program package [20]. BBLYP method with combined basis set, 6-311G (d, p) for all
nonmetal atoms and Def2-SVP for Ru atom, was employed in all the calculations.
Geometries of all the stationary points, including reactants, products, intermediates and
transition states, were fully optimized without any constrains. All the minima and transition
states were further proved by vibrational analysis to ensure no imaginary mode for minima,
and one and only one imagine mode for transition states. Intrinsic reaction coordinate (IRC)
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[21] calculations were carried out in both forward and reverse directions, and correction
linkage of two minima (x and y) by transition state TS~y was confirmed.

For inclusion of solvation effect of CsHs (298 k, 1atm), single point energy calculations
were performed with Gaussian09 program package [22], using the integral
equation-formalism polarizable continuum model (IEF-PCM) [23-28], Specifically, Truhlar’s
empirically parameterized version Solvation Model Density (SMD) [29] was used.

The empirical dispersion correction as recommended by Grimme [30, 31] was added to
the B3LYP energies, using the stand-alone program (DFTD3) written by Grimme [32].

In this paper, relative free Gibbs energies in CsHs solution are used in discussion. The

energy for each species in solution is taken through eql:
Gsol = ESMD + (G - E) 1)

Esmp is the IEFPCM energy calculated with SMD in benzene and (G-E) is the difference
between the Gibbs and potential energies, which includes the zero-point, thermal and

entropy corrections in gas phase.

3. Results and Discussion

(1) Tautomerization between 1 and 2

At first we consider the tautomerization mechanism between complex 1 and 2. Figure 1
predicts the relative energy profile of tautomerization between 1 and 2. The optimized
structures of reactants, products, transition states and intermediates are shown in Figure 2.
From Figure 1, one can see that 1 is located lower than 2 by 6.45 kcal/mol and there are two
pathways for the conversion between 1 and 2: Pathway A (PW-A) which involves a
non-hydride Ru intermediate 3, and pathway B (PW-B) which involves a dihydride Ru
intermediate 3’

In PW-A, firstly, hydrogen (H1) transfers from Ru atom to the unsaturated carbon atom
of the phosphorus side methylene (C1) to form an intermediate 3 through transition state
TSus, then hydrogen (H2) at the C atom of the N(Et)2 side arm migrates to Ru atom via
transition state TSz to give 2. From Figure 2, it can be seen that the C1-C2 bond distance in
3 (1.508 A) is 0.123 A longer than that in 1 (1.385 A). The C3-C4 bond distance in 2 (1.363) is
0.146 A shorter than that in 3 (1.509 A). These structural changes indicate that the hydrogen
migration process is concomitant with the breaking of C1=C2 m bond and the formation of
C3=C4 double bond. For PW-A, the calculated barriers for the two hydrogen migration steps
are 49.95 and 38.24 kcal/mol, respectively, and intermediate 3 is located higher than 1 plus



194 X. Zhang / Commun. Comput. Chem., 2 (2013), pp. 191-203

CO2 by 9.21 kcal/mol.

PW-B also has two hydrogen migration steps: the first step is hydrogen (H2) migration
from the C atom of the N(Et): side arm to Ru and affords dihydride Ru intermediate 3’, and
the second step is H1 migration from Ru atom to the C atom of the phosphorus side
methylene. The calculated relative energy of 3’, TSv» and TSz are 60.68, 74.05 and 73.61
kcal/mol, respectively. It is obvious that the two hydrogen migration barriers in PW-B are
much higher than those in PW-A, so PW-B is less competitive than PW-A.

Based on above theoretical results, tautomerization of 1 to 2 mainly takes place via
PW-A. However, due to the high barrier heights in PW-A, the conversion rate of 1 to 2

should be very slow at room temperature.
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Figure 1: Relative energy profile for the tautomerization between 1 and 2.

(2) Formation of 4 and 5

Figure 3 depicts the [1,3]-addition mechanism for CO2 reaction with 1 and 2, which leads to
4 and 5, respectively. The reverse [1,3]-addition products, 6 and 7, are also given in Figure 3.
First of all, one can notice that 6 and 7 (with relative energies of 34.31 and 21.59 kcal/mol,
respectively) are located much higher than 4 and 5, and are even higher than TSw4 and TSzs.
So it is obvious that reverse [1,3]-addition mechanism for CO: reaction with 1 and 2 is both
thermodynamically and kinetically unfavorable. Therefore, in the following, only the
[1,3]-addition mechanism that leading to 4 and 5 is discussed in detail.
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TSus TSz

Figure 2: Optimized structures of the intermediate (1, 2, 3 and 3’) and transition states (TSus
and TS2s, and TSws and TSz#), along with the key bond lengths (A).

[1,3]-addition reactions of CO2 with 1 and 2 lead to 4 and 5, respectively via TS14 and
TSzs. In this [1,3]-addition process, the electrophilic carbon atom of CO: adds to the
unsaturated carbon in the phosphorus or amide side arm of the pincer ligand to form a new
C-C bond, and simultaneously a Ru-O bond is formed. New C-C bond formation destroys
the 7 interaction between pyridine ring and side arm. As the results, the C1-C2 distance in 4
(1.492 A) and the C3-C4 distance in 5 (1.502 A) are significantly elongated compared to those
observed in the linking intermediates 1 and 2, respectively. One can notice that, the C1-C5
and Ru-O1 distances in 4 are longer than the C4-C5 and Ru-O1 distances in 5 by 0.023 A and
0.042 A, respectively. These results indicate that the bonding interaction between CO2 and
(PNN)Ru(H)(CO) moieties in 5 are stronger than that in 4. In 5, the Ru-N1, Ru-N2, and
Ru-P bond lengths are 2.111, 2.262, and 2.304 A, respectively, which are nearly identical with
those of the experimental values [18], 2.090, 2.233, and 2.265 A, respectively.

[1,3]-addition of CO2 with 1 gives the intermediate 4 through a transition state TS
with barrier height 9.83 kcal/mol, and the step is slightly endothermic by 1.85 kcal/mol. CO2
adds to 2 leading to 5 by crossing the transition state TSz with 6.66 kcal/mol barrier and is
exothermal by 12.72 kcal/mol. Both the activation energies are quite small, therefore the two
addition reactions should be very fast. Due to the high conversion barriers between 1 and 2,
only CO:z addition with 1 leading to 4 is kinetically predominant reaction pathway at room
temperature. Meanwhile, the decomposition barriers for 4 and 5 are 7.97 and 19.38 kcal/mol,
respectively. So, at room temperature, the C-C bond formation is reversible at 4, but
irreversible at 5 [18]. Since 5 is located lower than 4 by 8.12 kcal/mol, conversion of 4 to 5 via
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channel 4—1—>2—>5 may occur slowly at room temperature, or be accelerated at elevated
temperature. These theoretical results are in good agreement with experimental findings
[18].
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Figure 3: Relative energy profiles for the forming of 4 and 5.

The calculated barrier heights of CO: [1,3]-addition to PNN-Ru complex(9.83 kcal/mol
for forming 4 and 13.11 kcal/mol for forming 5), are higher than the calculated barrier height
of CO2 [1,3]-addition to PNP-Ru complex (8.10 kcal/mol in THF and 7.5 kcal/mol in CsHe,
[17]). It is noteworthy that, in this study, dispersion correction was only included in relative
energies but not in geometry optimizations (which is not allowed for B3LYP method in the
commercially available Gaussian09). This results in somewhat higher barrier heights for CO:
[1,3]-addition to PNN-Ru complex.

TSua 4
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Figure 4: Optimized structures of the intermediates (4, 5, 6 and 7) and the transition states
(TS and TSa2s5), along with the key bond lengths A).

4. Frontier Molecular Orbital analysis

For deeper understanding of the reaction mechanism, we performed Frontier Molecular
Orbital (FMO) analysis for 1, 2 and CO, and their highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) are shown in Figure 5.

It can be seen that the energy difference between the HOMO of CO2 and LUMO of 1
(0.32 hartree) is small while the energy difference between the LUMO of CO2 and HOMO of
1 (0.45 hartree) is large. According to Frontier Molecular orbital theory, the main interaction
between CO:2 and 1 occurs between the LUMO of 1 and the HOMO of CO2, while the
interaction between the LUMO of CO:2 and the HOMO of 1 plays a minor role. The HOMO
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of COz2 is composed of p-orbitals on the two O atoms, and the LUMO of 1 has large 5p- and
4d:* components on Ru atom, this strongly favors O-Ru bond formation. The LUMO of CO2
has a large p-orbital component on C atom and the HOMO of 1 has a large p-orbital
component on the methylene C atom, this is conducive to the formation of C-C bond
especially in the second half-reaction. In the reverse [1,3]-addition, shorten the distance
between one O atom of CO: and the methylene C atom of 1 leads to strong repulsion
between the HOMO of CO2 and HOMO of 1, therefore, reverse [1,3]-addition that leading to
6 is unfavorable.

Frontier Molecular Orbital analysis gives similar conclusion for CO: reaction with 2. In
addition, the relative stability of 4 and 5 can be elucidated by the overlapping efficiency of
orbitals of the two reactants. The Ru-C1 distance in 1 is 3.19 A, while Ru-C2 distance in 2 is
3.01 A. The shorter Ru-C1 distance in 2 is beneficial to a stronger orbital interaction with
O=C bond of COz, compared with the longer Ru-C2 distance in 1. Therefore, CO2 addition to

2 leads to a more stable product 5.

1-HOMO 1-LUMO
(-0.15907) (-0.05267)
t

2-HOMO 2-LUMO
(-0.14789) (-0.04943)
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s

CO,-HOMO CO,-LUMO
(-0.37686) (0.2952)
Figure 5: The frontier molecular orbitals of 1, 2 and CO:. Orbital energies given in

parenthesis (in hartree)

5. Conclusion

The reaction mechanism of CO: activation with unsaturated PNN-pincer complex
(PNN)Ru(H)(CO) was investigated by B3LYP method, combined with IEFPCM solvation
effect of CsHe and dispersion correction by DFT-D3 model. Theoretical results show that: a)
(PNN)Ru(H)(CO) isomer 1 (with the methylene in the phosphorus side arm) is more stable
than 2 (with the methylene in the amide side arm) by 6.45 kcal/mol. Tautomerization of 1
and 2 involves nonhydride intermediate 3 and two hydrogen migration steps with barrier
heights of 49.94 and 38.24 kcal/mol, respectively. b) The concerted [1,3]-addition of CO2 to 1
and 2 involves C-C and Ru-O bond formation and leads to 4 and 5 with small barriers of 9.83
and 6.66 kcal/mol, respectively. 4 is less stable than 5 by 8.12 kcal/mol, and decomposition
barriers for 4 and 5 are 7.97 and 19.38 kcal/mol, respectively. c) inverse [1,3]-addition of CO2
to 1 and 2 leads to 6 and 7 is less competitive, since the 6 and 7 are located higher than the
transition states of forming 4 and 5, TSv4 and TSzs.

These results are in good agreement to the experimental facts. Frontier molecular orbital
analysis confirmed that [1,3]-addition of CO:2 to 1 and 2 is symmetric allowed reaction, and
C-C and O-Ru addition type (leading to 4 and 5) is preferred to C-O and C-Ru addition
type(leading to 6 and 7). Shorter Ru-C(methylene) distance in 2 is beneficial to stronger
overlap of the frontier molecular orbitals of 2 and CO», which leads to more stable product 5.
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