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ABSTRACT: The reaction mechanisms for hydrogenation of
carbon dioxide catalyzed by PNP-ligated (PNP = 2,6-bis(di-iso-
propylphosphinomethyl)pyridine) metal pincer complexes,
(PNP)IrH; (1-Ir), trans-(PNP)Fe(H),CO (1-Fe) and (PNP)-
CoH; (1-Co), were studied computationally by using the
density functional theory (DFT). 1-Ir is a recently reported
high efficiency catalyst for the formation of formic acid from H,
and CO,. 1-Fe and 1-Co are computationally designed low-cost
base metal complexes for catalytic CO, reduction. For the
formation of formic acid from H, and CO, catalyzed by
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1-Ir, 1-Fe, and 1- Co, the reaction pathways with direct H, cleavage by OH ™~ without the participation of the PNP ligand are

about 20 kecal mol !

more favorable than a previously postulated H, cleavage mechanism that involves the aromatization and

dearomatization of the pyridine ring in the PNP ligand. This finding reveals the essential role of the base, OH ", in the catalytic CO,
reduction cycle and suggests that the incorporation of strong bases and unsaturated ligands may be critical for new catalyst design in
the area of hydrogen activation and low energy proton transfers. The calculated overall enthalpy barriers for the formation of formic
acid from H, and CO, catalyzed by 1-Ir, 1-Fe, and 1-Co are 18.6, 21.9, and 22.6 kcal mol ™}, respectively. Such low barriers explain
the observed unprecedented high catalytic acitivity of 1-Ir and indicate that 1-Fe and 1-Co can be considered as promising low-cost

catalyst candidates for fast hydrogenation of CO,.
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B INTRODUCTION

With the growing concentration of carbon dioxide in the
Earth’s atmosphere and the potential link to global climate
phenomena, the reutilization of carbon dioxide as an abundant,
inexpensive, and nontoxic carbon source for the synthesis of
valuable chemlcals has attracted increasing attention in recent
decades."”” Formic acid, for instance, is one possible target
molecule because of its significant importance in synthetic
chemistry and its potential applications in hydrogen storage.
To overcome the low activity of carbon dioxide, transition metal
catalyzed hydrogenation of CO, to formic acid and its derivatives
has been studied extensively.> ® In most of these catalytic
reactions, the presence of base is critical to make the hydrogena-
tion of CO, to formic acid thermodynamically favorable. Very
recently, Nozaki and co-workers reported a PNP-ligated (PNP =
2,6-bis(di-iso-propylphosphinomethyl) pyridine) iridium (IIT) tri-
hyride complex, (‘PrPNP)IrH; (1-Ir), which achieves unprece-
dented catalytic activity with the turnover frequency (TOF) and
turnover number (TON) values of 150 000 h™" and 3 500 000
for the formation of HCOOK from CO, and H, in aqueous
KOH." Later on, Ahlquist computationally studied the mecha-
nism of this catalytic CO, hydrogenation reaction using density
functional theory (DFT) for a very simplified model structure,
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(PNP)IrH3, in which iso-propyl groups were replaced by hydro-
gens to reduce the computational cost.'' However, such a
simplification does not take into account the steric and electronic
effects of iso-propyl groups and led to a rather high overall free
energy barrier of 26.1 kcal mol "

Although a very high efficiency has been achieved in catalytic
hydrogenation of CO,, the scarcity and cost of noble metals like
iridium, ruthenium, and rhodium in reported catalysts are
currently ma]or factors preventing their large-scale practical
application.” Several base metal catalysts for homogeneous
CO, hydrogenation were reported in recent years.'>'* However,
these catalysts require high pressure H, and CO, (40—60 atm)
for the reactions and have very low TOF. Therefore, the design of
low-cost, high efficiency, and environmentally friendly base metal
catalysts for hydrogenatlon reactions, while challenging, remains
highly attractive."

With extraordinary improvements in DFT in recent years, the
computational dem%n of new catalysts is making steady and
promising progress. ~ >~ In this paper, inspired by the structure
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Figure 1. Optimized structure of newly designed PNP-ligated iron and cobalt complexes 1-Fe and 1-Co. Bond lengths are in angstroms.

Scheme 1. Predicted Reaction Mechanism for the Formation of Formic Acid from H, and CO, Catalyzed by 1-M (M = Ir, Fe, and

Co) Showing OH ™~ Triggered H, Cleavage
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and understanding of the catalztlc mechamsm of (‘PrPNP)IrH;,
as well as the reported cobalt™*** and iron*>~** complexes with
similar pincer ligands, two new base metal complexes with the
same PrPNP pincer ligand, trans-('PrPNP)Fe(H),CO (1-Fe)
and ("PrPNP)CoHj (1-Co) are examined computationally. The
detailed mechanisms of 1-Ir, 1-Fe, and 1-Co catalyzed HCOO ™
formation from H, and CO, in the presence of OH ™ are studied
by DFT. On the basis of detailed analysis of the catalytic
mechanisms of these three complexes, 1-Fe and 1-Co are
proposed as promising low-cost catalyst candidates for fast
CO, reduction. It is worth noting that when this paper was
being finalized, 1-Fe was synthesized experimentally by Milstein

and co-workers in their study of hydrogenation of ketones
catalyzed by iron pincer complexes.

B COMPUTATIONAL DETAILS

All DFT calculations were performed using the Gaussian 09
suite of ab initio programs>° at the long-range corrected hybrid
functional @B97X>" and all-electron 6-31++4G(d,p) basis set for
all atoms®*>*(Stuttgart relativistic effective core potential basis
set, ECP60MWB, for the Ir atom®>*®) level of theory. An
ultrafine integration grid (99,590) was used for numerical
integrations. All structures studied in this paper were optimized
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Figure 2. Solvent corrected enthalpy profiles of the catalytic cycles for the formation of formic acid from H, and CO, catalyzed by (a) 1-Ir, (b) 1-Fe, and
(c) 1-Co with direct H, cleavage by OH™ for H,O formation without the participation of the PNP ligand.

TS12:1r
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TS1,2-co

Figure 3. Optimized structures of TS; , 1, (710i cmfl), TS, 2.5 (616i cmfl), and TS ».c, (647i cmfl). Bond lengths are in angstroms. Iso-propyl

groups are not shown for clarity.

Figure 4. Optimized structures of TSy sy, (605i cm ™), TSy 5 pe (693i cm™ '), and TS4,5.co (650i cm ™). Bond lengths are in angstroms. Iso-propyl

groups are not shown for clarity.

with solvent corrections using the integral equation formalism of
the ;)olarizable continuum model (IEFPCM)*” with Bondi
radii’® for water. The ground states of intermediates were
confirmed as singlets through comparison with the optimized
high-spin analogues. Thermal corrections were calculated within
the harmonic potential approximation on optimized structures
under T = 298.15 K and 1 atm pressure. All calculated metal
complexes have full-size PrPNP ligands without simplification.
Calculating the harmonic vibrational frequencies for optimized
structures and noting the number of imaginary frequencies (IFs)
confirmed the nature of all intermediates (no IF) and transition
state structures (only one IF). The latter were also confirmed to
connect reactants and products by intrinsic reaction coordinate
calculations. The 3D molecular structure figures displayed in this
paper were drawn by using the JIMP2 molecular visualizing and
manipulating program.

In view of the critical role of solvent in ion involved reactions,
solvent corrected electronic energies were also calculated with
the united atom topological model applied on radii (UAKS radii)
for optimized structures. Then the solvent corrected enthalpies
were obtained by adding the thermal enthalpy corrections to the
solvent corrected electronic energies. The reliability of the
solvent effect corrections using IEFPCM with both the UAKS
and Bondi atomic radii is evaluated in the Supporting Informa-
tion. Unless otherwise noted, the energies in the text are solvent
corrected enthalpies.

B RESULTS AND DISCUSSION

The optimized structures of the newly designed base metal
complexes 1-Fe and 1-Co are shown in Figure 1. Although the
calculated reaction energy barriers of 1-Ir, 1-Fe, and 1-Co

dx.doi.org/10.1021/cs2000329 |ACS Catal. 2011, 1, 849-854
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Figure S. Enthalpy profiles for the reaction pathways with OH ™ triggered the dearomatization and rearomatization of the pyridine ring in (a) 1-Ir, (b)

1-Fe, and (c) 1-Co for H, cleavage.
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Figure 6. Optimized structures of TS 5.1 (1496i em™Y), TSe,7.5e (1498i cm '), and TSe,7.co (1505i cm ™). Bond lengths are in angstroms. Iso-propyl

groups are not shown for clarity.

are slightly different, current results indicate that these three
complexes have similar catalytic reaction pathways. Therefore,
the reaction mechanisms for hydrogenation of CO, catalyzed
by 1-Ir, 1-Fe, and 1-Co are shown in one scheme (Scheme 1).
The corresponding enthalpy profiles for different reaction
pathways are shown in Figure 2 and 5. Some important
transition state structures are shown in Figures 3, 4, 6, 7, 8
and 9.

As shown in Scheme 1 and Figures 2 and §, the catalytic
reaction begins with the attack of a CO, molecule to one of the
trans hydrides in 1. A hydride is transferred directly from the
metal center to the carbon atom in CO, through a low-barrier
transition state TS, , (Figure 3, AH =40, 1.9, and 2.3 keal mol !
for Ir, Fe, and Co, respectively) for the formation of intermediate
2, in whicha HCOO™ group is formed and attaches to the metal
center with a M- - - H distance of 2.153, 1.894, and 1.889 A for Ir,
Fe, and Co, respectively. The direct hydride transfer from 1-Ir for
the formation of HCOO ™~ was also obtained by Ahlquist'" for a
simplified structure model with a similar enthalpy barrier. The
dissociation enthalpies of HCOO ™ from 2 for the formation of
unstable cation intermediate 3 are only 2.0, 2.7, and 2.6 kcal
mol ! uphill for Ir, Fe, and Co, respectively. Depending on which
ligand (H,, HCOO ™, or OH ) coordinates to the vacant
position in 3, there are three possible reaction pathways for the
regeneration of catalyst 1. In the first reaction pathway, a H,
molecule fills the vacant position in 3 and forms a slightly more
stable intermediate 4. Then an OH™ base attacks the dihydrogen
in 4 and forms a water molecule by taking a proton from H,
through transition state TS, s (Figure 4), which is only 17.7, 20.0,
and 21.1 kcal mol " higher than 4 for Ir, Fe, and Co, respectively.
The H, cleavage product $ is much more stable than 4 and has a

water molecule attached to a hydride by a weak M—H’ ...
H°'—0 dihydrogen bond with H- - - H distance close to 1.7 A.
The dissociation of H,O from § for the regeneration of 1 is only
about 1.0 kcal mol ™" uphill. The calculated total enthalpy release
in a catalytic cycle (CO, + H, + OH™ — HCOO ™ + H,0) is
—18.9 keal mol ™", which is very close to the enthalpy difference
(—19.9 kcal mol™') obtained from standard thermochemical
table.** The cationic complex 3 is also likely to have a coordi-
nated water instead of H,. However, no further reaction toward
the regeneration of 1 will happen if a water molecule is
coordinated to 3. The coordination of a water molecule in 3 is
only about 1 kcal mol ' more stable than 4 in enthalpy, which
indicates a rapid H,/H,O exchange in 4.

The second reaction pathway begins with the reassociation of
HCOO ™ to 3 for the formation of intermediate 6 with a M—O
bond length of 2.257, 2.080, and 2.041 A for Ir, Fe, and Co,
respectively. Then the pyridine ring in 6 can easily be dearoma-
tized by transferring a methylene proton from the PNP ligand to
an OH™ base through transition state TS, (Figure 6) with an
enthalpy barrier of 25.5, 25.1, and 25.6 kcal mol ™" for Ir, Fe, and
Co, respectively. The dearomatization product 7 is about
20 kcal mol ™" less stable than 6 and has a water molecule attached
to an unsaturated carbon through weak C---H interaction.
Then the HCOO™ group in 7 can easily be replaced by a H,
molecule for the formation of 8. The relative enthalpies between
7 and 8 are only —0.9, 2.1, and 3.0 kcal mol " for Ir, Fe, and Co
respectively, indicating rapid HCOO ™~ /H, exchanges under mild
conditions. 8 can also be formed from 4 through a proton transfer
transition state TS, g (Figure 7) with energy barriers very close to
TSs,7. The dissociation of H,O from 8 for the formation of 9 is
only 1.8, 1.7, and 2.2 kcal mol ™" uphill for Ir, Fe, and Co,
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Figure 7. Optimized structures of TSy g1, (1474i cm™ '), TS, g pe (1493i cm™ '), TS, g.co (1487 cm™ ). Bond lengths are in angstroms. Iso-propyl

groups are not shown for clarity.
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Figure 8. Optimized structures of TS ; 1 (1394i cm ), TSo,1.pe (1433i cm '), and TSo,1.co (1460i cm ™ '). Bond lengths are in angstroms. Iso-propyl

groups are not shown for clarity.

TS10,11-1r

TS10,11-Fe

TS10,11-Co

Figure 9. Optimized structures of TS 1.1 (1486i cmfl), TS10,11-Fe (1485i cmfl), and TS;¢,11-co (1497i cmfl). Bond lengths are in angstroms. Iso-

propyl groups are not shown for clarity.

respectively. Finally, the dihydrogen in 9 is split by transferring a
proton to the unsaturated carbon in the PNP ligand for the
regeneration of 1 through transition state TS, ; (Figure 8, AH =
23.2, 16.6, and 18.6 kcal mol ™ * for Ir, Fe, and Co) with a total
enthalpy barrier (6 — TSy ;) of 38.5, 40.0, and 42.5 kcal mol !
for Ir, Fe, and Co, respectively. Such high barriers cannot be
achieved under mild conditions.

The third reaction pathway begins with the attack of an OH ™
base to the vacant position in 3 for the formation of intermediate 10,
which is very close to 3 in enthalpy. Then a methylene proton in the
PNP ligand is transferred to the OH group in 10 for the formation of
a H,O molecule through transition state TS;0,,; (Figure 9, AH' =
15.8,6.9,and 7.9 keal mol ~* for Ir, Fe, and Co, respectively) with an
enthalpy barrier of 19.9, 18.7, and 19.9 kcal mol ' relative to 10 for
Ir, Fe, and Co, respectively. Once the H,O is formed in 11, H,O/H,
exchange happens rapidly for the formation of 9, which is 4.3, 1.3,
and 0.1 kcal mol ' more stable than 11 for Ir, Fe, and Co,
respectively. Then 1 can be regenerated through TS, ;.

Comparing all relative enthalpies in the three reaction path-
ways and considering the formation of stable intermediate 6, the
first reaction pathway with direct H, cleavage by OH  has the
lowest overall enthalpy barrier in the catalytic CO, hydrogena-
tion cycle. For the experimentally reported Ir catalyst, the overall
enthalpy barrier (6 — TS, ) is 18.6 keal mol™". Such a low
barrier explains the observed unprecedented high activity of 1-Ir
in catalytic hydrogenation of CO,. For the newly proposed iron
and cobalt PNP-pincer complexes, the overall enthalpy barriers
(6 — TS,s) are 21.9 and 22.6 kcal mol ', which are still
achievable under mild conditions.

B SUMMARY AND CONCLUSIONS

In summary, two hypothetical PNP-ligated base metal pincer
complexes, 1-Fe and 1-Co, were examined computationally
based on the understanding of a recently reported fast CO,
hydrogenation catalyst, (‘PrPNP)IrH;. When this paper was

dx.doi.org/10.1021/cs2000329 |ACS Catal. 2011, 1, 849-854
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being finalized, 1-Fe was synthesized by Milstein and co-workers
in their study of hydrogenation of ketones catalyzed by iron
pincer complexes.29 However, 1-Fe was only made to evaluate its
intermediacy in the catalytic hydrogenation of ketones and the
catalytic properties of 1-Fe for hydrogenation of CO, were not
evaluated. Detailed mechanisms for hydrogenation of CO,
catalyzed by 1-Ir, 1-Fe, and 1-Co were studied computationally
using DFT. Calculation results indicate that the reaction pathway
with direct H, cleavage by OH ™ for the regeneration of the
catalyst without the participation of the PNP ligand is about 20
kcal mol™' more favorable than the previously postulated
catalytic CO, reduction mechanism with dearomatization and
rearomatization of the pyridine ring in the PNP ligand for H,
cleavage, as proposed by Nozaki and co-workers."” The OH
triggered H, cleavage transition states are also different as
compared with Ahlquist’s theoretical study of the Ir catalyst
using a simplified structure model.'" The calculated overall
enthalpy barriers (6 — TS, s) of 1-Ir, 1-Fe, and 1-Co catalyzed
hydrogenation of CO, are 18.6, 21.9, and 22.6 kcal mol !,
respectively. Therefore, the newly designed complexes 1-Fe
and 1-Co are proposed as promising low-cost and high efficiency
base metal catalyst candidates for CO, reduction. In addition, the
predicted reaction mechanism reveals the essential role of the
OH " base in the catalytic cycle and points the way to finding new
catalysts, as the strong base and unsaturated ligand may be critical
for hydrogen activation and low energy proton transfers.

B ASSOCIATED CONTENT

© Ssupporting Information. Complete ref 30, evaluation of
the solvent effect corrections, and atomic coordinates of all
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