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ABSTRACT: A density functional theory study of the reaction mechanism of
the production of H, and CO, from methanol and water catalyzed by an P'Pry P'Pr,
aliphatic PNP pincer ruthenium complex, (PNP)Ru(H)CO, reveals three ‘ (F'ii
interrelated catalytic cycles for the release of three H, molecules: the
dehydrogenation of methanol to formaldehyde, the coupling of formaldehyde
and hydroxide for the formation of formic acid, and the dehydrogenation of PiPr,
formic acid. The formation of all three H, molecules undergoes the same self-

CH30H + H,0

promoted mechanism that features a methanol or a water molecule acting as a
bridge for the transfer of a ligand proton to the metal hydride in a key intermediate, trans-(HPNP)Ru(H),CO.
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Ithough the conception of “hydrogen-economy” emerged
over 40 years ago, the efficiency and cost of hydrogen
production and storage are still the primary bottlenecks in the
practical application of hydrogen as a clean and renewable
energy carrier. Compared to other hydrogen storage material
candidates, methanol contains 12.6 wt % of hydrogen and is a
liquid at room temperature, which allows it to be efficiently
transported using the existing petroleum pipeline system at a
very low extra cost. In addition, methanol could be produced
from low-cost biomass at large-scale, which provides a potential
solution for a sustainable solar-hydrogen energy conversion.'
Therefore, with the advocacy of the development of “methanol-
economy” by Olah and his colleges,” the utilization of methanol
as an alternative fuel and hydro3gen carrier has attracted
increasing attention in recent years.” Although steady progress
in catalytic dehydrogenation of methanol has been achieved in
recent years," most of the reported catalysts have rather low
efficiencies and can only release one H, molecule from each
methanol molecule with the generation of carbon-containing
byproducts. The efficiency of current state-of-the-art platinum-
based methanol fuel cells is limited to about 40% because of the
high operating temperature (>200 °C).?
An ideal way to use methanol as a hydrogen carrier is the
conversion of a methanol—water mixture into CO, and H,,
which means the entire hydrogen content (12 wt %) is used

(eq 1)

CH,OH + H,0 — CO, + 3H, (1)
One of the most recent advances in this area is a ruthenium
catalytic system developed by Beller and co-workers.® Using an
aliphatic PNP pincer ruthenium complex (HPNP)Ru(H)(Cl)-
CO {HPNP = bis[2-(diisopropylphosphino)-ethyl]amine} as
the catalyst precursor and strongly basic conditions for the
generation of the active catalyst, (PNP)Ru(H)CO (1), they
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have achieved a turnover frequency (TOF) of 4700 h™" and a
turnover number (TON) of 350 000 for the dehydrogenation
of methanol under mild conditions (<100 °C). Almost at the
same time, Rodriguez-Lugo et al.” developed a ruthenium
complex with a chelating bis(olefin) diazadiene ligand,
[K(dme),][RuH(trop,dad)], which could catalyze the con-
version of a methanol—water mixture selectively to CO, and H,
gases under neutral conditions. The trop,dad ligand is also a
chemically “noninnocent” ligand and cooperates with ruthe-
nium for dehydrogenation of methanol and water.

Although the above findings are great breakthroughs in
“methanol—hydrogen economy”, a major obstacle for their
practical use is the nobility of Ru. The design of low-cost and
environmentally benign base metal catalysts for efficient and
sustainable production of hydrogen from methanol are still
highly attractive and challenging.” Beller and co-workers have
recently developed an aliphatic PNP pincer iron complex for
the catalytic dehydrogenation of aqueous methanol, but the
TOF and TON are up to 777 h™' and 10000, respectively,
much lower than the Ru catalysts.” The understanding of the
mechanistic insights into the dehydrogenation of methanol
catalyzed by the Ru complexes would greatly benefit the design
of non-noble metal catalysts.

In this Letter, we report a density functional theory (DFT)
study of the reaction mechanism for the production of three H,
molecules and one CO, molecule from methanol and water
catalyzed by 1. Three interrelated catalytic cycles for the
dehydrogenation of methanol to formaldehyde, the coupling of
formaldehyde and hydroxide to formic acid, and the
dehydrogenation of formic acid to CO, are proposed with
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the analyses of detailed energy profile and key structures. All
DFT calculations in this study were performed using the
Gaussian 09 suite of ab initio programs'® for the MO06
functional'" in conjugation with the all-electron 6-31++G(d,p)
basis set for H, C, N, O, and P,'> and the Stuttgart relativistic
effective core potential basis set for Ru (ECP28MWB)."* Other
computational details are provided in the Supporting
Information. Unless otherwise noted, the energies reported in
this paper are Gibbs free energies with solvent effect corrections
for methanol.

As shown in Scheme 1 and the corresponding energy profile
(Figure 1), the reaction begins with a quick transfer of the

Scheme 1. Catalytic Cycle for the Dehydrogenation of
Methanol with Direct Proton Transfer (Red) and Relayed
Proton Transfer (Blue) Pathways for the Formation of the
First H, Molecule
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Figure 1. Free energy profile of the catalytic cycle shown in Scheme 1
for the dehydrogenation of methanol with the release of the first H,
molecule.
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Figure 2). Then, a C—H bond in methoxy splits easily and
transfers a hydride to the metal center through transition state

iPr i

TSe7m

TSe7-w

Figure 2. Optimized structures of transition states TS, , (1195i ecm™),
TS,3 (32i cm™), TS, (452i em™), and TSery (571i em™).
Isopropyl groups are omitted for clarity. Bond lengths are in A.

TS,,; (Figure 2) for the formation of formaldehyde. TS, ; is
only 10.5 kcal/mol higher than 2. The formaldehyde molecule
dissociates from 3 and forms a slightly more stable H,COOH™
anion with the hydroxide anion, which could be the base in the
solvent or generated from the cleavage of water (Scheme 2,
Figure 3). The dihydride complex, trans-(HPNP)Ru(H),CO
(4), is 1.2 kcal/mol more stable than 1.

Scheme 2. Catalytic Cycle for the Cleavage of H,O and the
Formation of Formic Acid and the Second H,
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In order to release H, and regenerate the catalyst, the
formation of a dihydrogen complex $ is required. Starting from
4, there are three ways to form 5. The most straightforward one
is the direct transfer of a proton from the ligand nitrogen to the
metal hydride through transition state TS,s;. However, the
calculated free energy barrier of this direct proton transfer is
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Figure 3. Free energy profile of the catalytic cycle shown in Scheme 2
for the cleavage of H,O and the formation of formic acid, as well as the
release of the second H, molecule.

29.5 keal/mol (4 — TS, 5), which is too high to account for the
observed reaction rate under mild condition. Instead of direct
proton transfer, we found that an extra water or methanol
molecule can act as a proton transfer tunnel and assist the
formation of H,. In this reaction pathway, a water or methanol
molecule approaches 4 and forms a slightly less stable
intermediate 6y or 6y with a strong intermolecular Ru—
H’"-H?*—0O dihydrogen bond. The H’™---H’* distances in the
dihydrogen bonds in 6y and 6y are 1.657 and 1.686 A,
respectively, which are similar to the dihydrogen bond length
found in our recent theoretical study of the -catalytic
dehydrogenation of ethanol'* and shorter than the H--H
distances in a range of 1.7 — 2.2 A in most M—H’"---H**—X
dihydrogen bonds reported so far."®

After the formation of 6y or 6, the hydroxyl proton in
water or methanol transfers to the metal hydride through
transition state TSg,w or TSg, for the formation of H, in
intermediate 7y or 7y. TS 7w and TS, are near 8 kcal/mol
lower than TS, and they are only 21.8 and 21.7 kcal/mol
higher than 4, respectively. The hydroxyl group in 7y or the
methoxy group in 7y can easily take a proton from the ligand
nitrogen and reform a water or methanol molecule through
transition state TS, gy or TS, ¢ . The release of the reformed
water or methanol molecule from 8y or 8y and the formation
of 5 is 0.1 or 0.5 kcal/mol downhill, respectively. The release of
H, from § for the regeneration of 1 is 5.9 kcal/mol downhill.
After comparing all relative energies of the catalytic cycle shown
in Figure 1, we can conclude that the formation of H, through
the proton transfer relayed by a water molecule (TS ;) is the
rate-determining step with a total energy barrier of 21.7 kcal/
mol (4 — TS ,.w). The formation of H, through the proton
transfer relayed by methanol is highly competitive with a barrier
of 21.8 kcal/mol, which is only 0.1 kcal/mol higher than
TSq7.w-

Simultaneous to the dehydrogenation of methanol and the
formation of formaldehyde, a water molecule also fills the
vacant position in 1 and splits quickly through TS, 4 (Figure 4).
Then the hydroxyl anion in 9 can easily exchange with the
H,COOH" anion formed in the dehydrogenation of methanol
and forms intermediate 11, which is 9.8 kcal/mol less stable
than 9 in free energy. Then, a formic acid molecule is formed
through the cleavage of a C—H bond for the transfer of a
methylene hydride in the H,COOH™ anion to Ru (TS, 5,
Figure 4). The dissociation of formic acid from 12 and the
formation of 4 is 5.4 kcal/mol downhill. Then the second H,
molecule can be formed and released from 4 through the water
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TS0 TSi11,12

Figure 4. Optimized structures of TS, ¢ (439i cm™) and TS, 1,1, (648i
cm™"). Bond lengths are in A.

or methanol relayed proton transfer pathways shown in Scheme
1. Because the hydroxide anion keeps reacting with the
formaldehyde generated from dehydrogenation of methanol for
the formation of H,COOH, the basicity of the solvent remains
constant after the initial stage of the reaction.

As shown in Scheme 3 and Figure S, once a formic acid
molecule is formed, it reacts immediately with 1 and forms a

Scheme 3. Catalytic Cycle for the Dehydrogenation of
Formic Acid for the Formation of CO, and the Third H,
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Figure S. Free energy profile of the catalytic cycle shown in Scheme 3
for the dehydrogenation of formic acid.

29.8 kcal/mol more stable intermediate 13 (Figure 6). Because
of the acidity of formic acid, we were unable to locate a
transition state for the cleavage of the O—H bond in formic
acid when it approaches 1. The acidity of formic acid could also
lead the direct formation of 10 from 1 through the protonation
of ligand nitrogen. The rearrangement of the formate group in
13 or the approaching of the solvent formate to 10 could form
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TS14,15

Figure 6. Optimized structures of 13 and TS, 5 (607i cm™). Bond
lengths are in A.

an unstable intermediate 14, in which a formate group binds to
10 through very weak Ru---H—C and N—H---O interactions.
Then the formate hydride in 14 is transferred directly from
carbon to ruthenium through transition state TS, ;5 (Figure 6),
which is 23.0 kcal/mol higher than 13. The release of CO, from
15 and the generation of 4 is 3.4 kcal/mol downhill. With the
formation and release of the third H, molecule in the newly
generated 4 a complete catalytic mechanism for the production
of hydrogen and carbon dioxide from methanol and water has
been established.

In summary, we have conducted a density functional theory
study of the production of hydrogen and carbon dioxide from
methanol and water catalyzed by 1. Our computational study
reveals three interrelated catalytic cycles: dehydrogenation of
methanol to formaldehyde, coupling of formaldehyde and
hydroxide for the formation of formic acid, and dehydrogen-
ation of formic acid. The overall mechanism and the
relationships of those reaction pathways are summarized in
Scheme 4. Each catalytic cycle produces a H, molecule through

Scheme 4. Overall Mechanism for the Production of Three
H, and One CO, from Methanol and Water

=]

a self-promoted mechanism that features an extra methanol or
water molecule acting as a bridge for the transfer of a proton
from the ligand nitrogen to the metal hydride in 4. The
calculated total free energy barriers of above three catalytic
cycles are 21.7, 14.3, and 23.0 kcal/mol, respectively, which are
consistent with the observed catalytic efficiency at less than 100
°C. We believe the production of hydrogen and carbon dioxide
from methanol and water promoted by an aliphatic PNP pincer
iron complex, (PNP)Fe(H)CO,>'* undergoes a similar
catalytic mechanism with slightly higher energy barriers. Our
mechanism explains the essential role of the noninnocent
aliphatic PNP ligand in the catalytic reaction and points the way
to finding new catalysts with lower cost and higher efficiency, as
the hydrogen-facilitated proton transfer from an ancillary ligand
may be essential for low energy hydrogen transfers.
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Computational details, solvent corrected absolute free energies,
and atomic coordinates of all optimized structures. This
material is available free of charge via the Internet at http://
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