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Modular but geometrically constrained ligands were used to
investigate the impact of key ligand design paramaters (charge
and bite angle) on CO, hydrogenation and formic acid
dehydrogenation activity. These studies yielded an optimized
catalyst that achieved over 118,000 turnovers in CO,
hydrogenation, 247,000 turnovers in HCO,H dehydrogenation, was
applied in a hydrogen storage device used for 6 cycles of hydrogen
storage/release without requiring changes in pH or solvent, and
generated H,/CO, gas at a pressure of 190 atm from formic acid.

Hydrogen represents a promising energy carrier’ and
features a high energy density by weight (120 Mj kg'l), yet low
volumetric energy density (0.0108 Mj L™Y). The latter attribute
precludes the use of gaseous hydrogen, and is a major liability
that can be overcome with liquid carriers (needed for
transport/delivery) that contain covalently bound hydrogen.2
One highly studied low molecular weight carrier is formic acid
(HCO,H): a non-volatile biodegradable liquid at room
temperature that can be prepared from C02.3 In contrast to
most liquid hydrogen carriers, reversible storage of H, with
CO, can be achieved using catalytic systems at moderate
temperatures and ideally, can be charged and discharged
without any chemical input beyond H, and COZ.“"G’7

Homogeneous transition metal complexes supported by
pincer ligands can be efficient catalysts for selective CO,
hydrogenation and HCO,H dehydrogenation (Fig. 1).8’ ° The
dichotomy between conditions required for CO,
hydrogenation (favored in basic solution)10 verses HCO,H
dehydrogenation (favored in acidic solution) presents
challenges for a closed-cycle approach.4' > As a result, pH
cycling is often required to control storage/release.11
Ruthenium(ll) complexes supported by ancillary pincer ligands
show the most promise as catalysts for reversible CO,
hydrogenation/dehydrogenation without
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Figure 1. a) Previously reported catalysts for reversible CO, hydrogenation without
changes in pH or solvent. b) Modular ligand scaffolds for systematic analysis of
structure/activity relationships examined in this work.

without adjusting the solvent:base ratio (Fig. 1),5 but structural

differences between the handful of reported catalysts
precludes formulation of general ligand design principles.4' 12,13
Systematic studies evaluating multiple ligand design

parameters using a single ligand platform are needed to
provide generalizable design strategies for the development of
next-generation catalysts for practical hydrogen storage
applications. In this we evaluate the CO,
(de)hydrogenation activity of a series of Ru(ll) complexes
supported by modular N,N,N-pincer ligands and explore the
impact of ligand charge, steric bulk, and bite angle on catalytic
activity to establish ligand design guidelines for reversible CO,
hydrogenation.
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Bispyridylisoindoline (BPI) and terpyridine (TPY) scaffolds
provide substitutional modularity in rigid frameworks, and
Ru(ll) complexes supported by these ligands catalyze COZ,14
carbonyl,ls' 18 and nitrile hydrogenation.17 Efficient catalysts for
reversible CO, hydrogenation must present a finely balanced
set of properties, including M-H hydricity, M-H, pK,, and
dispersive/repulsive effects, which can be impacted by ligand
properties such as net charge, bite angle, and steric bulk. We
therefore selected a series of Ru(ll)-BPI and Ru(ll)-TPY
complexes that systematically vary these properties through
the presence or absence of charged heteroatoms and
substituents adjacent to the substrate binding site, and studied
the individual impact of these parameters on catalytic activity
for both CO, hydrogenation and HCO,H dehydrogenation (1-9).

Hydrogenation conditions were optimized with 4 as a
catalyst. Solvent (dioxane, DMF, MeCN, 2-MeTHF, toluene, o-
dichlorobenzene, NEt;), base (0.4 M K,CO;, Cs,CO;, KO'Bu,
K(N(SiMe3),), KOH, 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU),
NEt;), catalyst loading, temperature, and CO,/H, pressure
were systematically screened.” This established DBU/DMF as a
suitable base/solvent pair, and optimized conditions for
hydrogenation were set at 0.4 M DBU, 120 °C, 6:70 atm
CO,:H,, 18 hours reaction time, and 0.001 mol % catalyst
loading in DMF solvent. 4 provided 53% HCO, vyield with
respect to DBU (53,000 TON) under these conditions, and were
used for systematic comparison between different catalysts.
This base/solvent combination has been previously employed
in reversible CO, hydrogenation systems.13’ 18

The conditions for HCO,H dehydrogenation were selected
to simulate the state of a reaction mixture at the end of a
complete CO, hydrogenation cycle carried out using the
optimized conditions noted above (0.4 M HDBU*/HCO, in
DMF, 120 °C) but run at atmospheric pressure in open reactors
to permit the escape of CO, and H,. The efficiency of HCO,H
decomposition to CO,/H, was determined using NMR
spectroscopy against an internal standard. With 4 (0.005 mol
%), these conditions afforded a 10% decrease in HCO,
concentration in 3 hours, corresponding to 2,100 TON (TOF (h”

h: 700).
The impact of ligand charge / donor ability on
(de)hydrogenation  activity was investigated through

comparison of BPI-supported Ru(ll) complexes 1-3 (Fig. 2).
Each of these complexes contain similar steric environments
surrounding Ru(ll) with different charges. Complex 1 should be
in a fully deprotonated state during hydrogenation and
dehydrogenation catalysis due to the presence of a large
excess of free DBU (100,000 equiv) and the low pK, of the
pendent -OH groups ('”8),19 providing a trianionic ligand. 2
contains a monoanionic ligand, while methylation of 2 affords
the neutral ligand in 3.t

These modulated pincer ligand charges are expected to
translate to different hydricity/pK, values for Ru-H/Ru-H,
intermediates in catalysis. Laurenczy and coworkers reported
that cationic Ru-phosphine complexes accelerate HCO,H
dehydrogenation, and proposed that coulombic attraction
between Ru(ll) and anionic H and HCO, was responsible,20

2 | ChemComm, 2018, 00, 1-3

Himeda?® and Papish23 each

demonstrated that anionic iridium and ruthenium hydride
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Figure 2. Catalytic activity of 1-9 in CO, hydrogenation and HCO,H dehydrogenation.

complexes exhibit accelerated CO, hydrogenation activity, and
proposed that enhanced hydricity was responsible. Increasing
pincer ligand charge from -3 to 0 afforded increased
dehydrogenation activity across the series (TON: 5,800 (1),
7,630 (2), 13,800 (3)). As might be anticipated from previous
studies, activity for CO, hydrogenation decreased from 1 to 2.
However, 3 was significantly more active than either 1 or 2
(TON: 28,000 (1), 14,500 (2), 44,000 (3)). Together these data
suggest that neutral, rather than anionic BPI ligands, improve
CO, hydrogenation and HCO,H dehydrogenation activity,
which may be a useful ligand design principle for reversible H,
catalysts.

We previously noted a substrate-dependent effect on
hydrogen transfer catalysis by Ru(ll)BPI complexes with
substituents at the 2- position of the pyridine arms.”* * we
investigated the effect of these substituents on catalytic
activity for reversible CO, hydrogenation by comparing 1-3 and
4-6. Catalytic activity for both CO, hydrogenation and HCO,H
dehydrogenation increased upon replacement of -H with -Me
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or -O groups. 6 is one of the most active catalysts capable of

mediating reversible CO, hydrogenation without changes in
H,% 7 ** 13 2 3nd can achieve high TON (118,000) in CO,

hydrogenation at high dilution (0.9 ppm) (Fig. 3).

Cooperative H, activation, in which pendent bases can
facilitate deprotonation of bound M-H, intermediates, have
been widely exploited in the design of efficient catalysts for
Cco, hydrogenation.g' 7 We previously demonstrated that the —
O groups in 4 mediate cooperative H, activation.”® We
assessed the viability of a cooperative pathway by comparing
the relative activities of 1/4 and 2/5, in which either a —O or —
Me group is exchanged for a —H group. Both sets of catalysts
provided a similar ratio of activity for CO, hydrogenation (1/4:
0.52; 2/5: 0.42), suggesting that steric bulk, rather than
metal/ligand cooperativity, is the primary factor controlling
the relative activity of 1 and 4.

Terpyridine (TPY) ligands are isoelectronic with neutral BPI
derivatives and offer a smaller bite angle (157° vs. 174“).24' 28
The TPY bite angle provides a more accessible coordination
site in plane with the pincer ligand, which could either
facilitate ligand binding to the metal center or enable
undesired pathways such as catalyst dimerization.”® In
comparison with 3, 7 provided similar activity in CO,
hydrogenation and HCO,H dehydrogenation, indicating that
bite angle has a small impact on catalytic activity. We
previously reported that substitution at the pyridyl 2- positions
has a significant impact on oxidant free alcohol/carboxylate
conversion activity; -OH groups (9) reduced activity, while
bulky -NHMes groups (8) increased actvity.27’28 We found that
these substituent effects also translate to CO, hydrogenation
activity, with 9 exhibiting the lowest (TON: 34,000) and 8 the
highest (TON: 60,000) activity for CO, hydrogenation in 1-9.

CO, hydrogenation and HCO,H dehydrogenation reactions
typically are influenced by CO, or H, pressures, consistent with
rate-determining H, activation or CO, elimination. We
evaluated the impact of changing CO, and H, pressure on each
of these reactions using 6 as a catalyst. During HCO,H
dehydrogenation, application of 6 atm H, reduced HCO,H
dehydrogenation by 17% (TON: 11,400), while 6 atm CO,
reduced HCO,H dehydrogenation by 87% (TON: 1,794). Under
CO, hydrogenation conditions, the relative impact of CO, and
H, pressure on catalytic efficiency was reversed. Lowering the
pressure of CO, from 6 to 3 atm increased the yield of HCO,"
by 22% (TON: 10,240 (3 h, 0.005% 6)), and lowering the
pressure of H, from 70 to 35 atm decreased the yield of HCO,
by 51% (TON: 4,110 (3h, 0.005% 6)). The activity of 6 during
CO, hydrogenation was not appreciably effected by the
presence of ~160,000 equiv. Hg(0), and the effect of altered
CO, and H, pressure was consistent through 4-6. We
hypothesize that less anionic ligand charge improves the
efficiency of HCO,H dehydrogenation and CO, hydrogenation
due to an increase in Ru electrophilicity. This would be
consistent with CO, elimination as the rate determining step in
HCO,H dehydrogenation, and H, activation as rate determining
during CO, hydrogenation.

Catalytic HCO,H dehydrogenation can be used to generate

This journal is © The Royal Society of Chemistry 2018
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Figure 3. Operation of a closed-cycle H, storage device using 6 as a catalyst, high-
pressure HCO,H dehydrogenation, and high-turnover CO, hydrogenation.

H,/CO, gas mixtures at high pressures,29 which have
applications in fuel cells, H,/CO, gas separations,go’ 3 and the
3032 \We used 6 to generate
high pressure H,/CO, gas from HCO,H in a sealed vessel. Upon
heating a 1.3 M DMF solution of HCO,H containing 5% DBU
and 0.004% 6 for 3 hours at 120 °C, the reactor pressure
increased to 190 atm.® Venting afforded CO,/H, gas in 94%
yield (TON: 247,000, TOF: 82,000 h"l), demonstrating that 6
exhibits exceptional activity in the presence of excess HCO,H.
Finally, we applied the high catalytic activity of 6 to a
closed chemical H, storage system (no change in pH or
solvent). Using 0.1% 6 under standard reaction conditions, CO,
was hydrogenated to HCO,H over 30 minutes at 120 °C. The
reactor was then cooled, depressurized, and heated at 120 °C
for 30 minutes to release stored H,/CO, gas at ambient
pressure with the measured volume indicating a HCO,H : DBU
ratio of at least 1:1.3 before dehydrogenation. HCO,H : DBU
ratios above 1.5 have previously been generated through CO,

generation of mechanical power.

hydrogenation in DMF." The cycle was repeated six times,
with a gradual reduction in evolved H,/CO, to 94% relative to
DBU. At the end of the sixth cycle, the evolved gas did not
contain detectable quantities of CO (GC/TCD, detection limit:
0.01%).

In conclusion, we have used a series of Ru(ll) complexes
bearing systematically varied N,N,N- pincer ligands to evaluate
the effect of ligand charge and bite angle in reversible CO,
hydrogenation. Using this approach, we identified increased
ligand charge and the presence of o- substituents as ligand
properties that can increase catalytic activity for both
reactions. This algorithm identified an optimized catalyst for
closed-cycle reversible storage of H, and dehydrogenation of
HCO,H to generate high pressure H,/CO,.
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F see Sl for details. HCO, was quantified through "H-NMR spectroscopy.

1 Note that changes to the overall charge of the BPI ligand may affect Ru hydricity
as well as primary coordination environment and ligand exchange reactions.

§: The maximum pressure we could measure was limited by the mechanical
strength of our reactor (204 atm)
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