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A new Ru(i) complex featuring a novel amino-di(N-heterocyclic carbene)
CNC pincer ligand, P"CNC-RuCL,(CO) (Ru-1), has been developed and
characterised in depth. Ru-1 forms an efficient and durable catalytic
formic acid dehydrogenation system in combination with the ionic liquid
1-ethyl-3-methylimidazolium diethylphosphate (EMIM PO,(OEt),).

Formic acid (FA) is considered a promising candidate for the
long-term, safe, and practical chemical storage of hydrogen,
serving as a platform compound to connect renewable energy
and hydrogen fuel cells."? Formic acid dehydrogenation
(FADH],4 ie., the transformation of FA to H, and CO,, has
been demonstrated under mild conditions by numerous groups
using a combination of transition metal (pre)catalyst, solvent,
and additive.>" For instance, using a Ru-PNP (PNP = phosphor-
ous-nitrogen-phosphorous) pincer catalyst, in N,N’-dimethyl for-
mamide (DMF) with amine bases, Pidko was able to achieve FADH
with TON values of up to 706500 at 90 °C.° A related mono
Ir-complex was reported by Himeda to similarly facilitate FADH
of an aqueous solution of FA with TON values of up to 10 000 000.
Sponholz, Junge, and Beller used the triazine-based Kempe
Mn-PNP complex’ for FADH in the presence of stoichiometric
amounts of lysine in a 1:1 H,O/THF mixture, achieving total TON
values of 600 000 at 90 °C."® Milstein showed the first example of a
homogeneous catalytic system capable of conducting FADH in
neat FA."

Apart from the latter example, many systems utilise (volatile)
organic solvents in combination with additives, such as amine
bases. While achieving high TONs, the presence of any volatile
components necessitates further purification of the generated
gas-mixtures. In this context, ionic liquids (ILs) represent a
non-volatile alternative media for catalytic FADH,">"* and we
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recently started exploring their solvent properties for Ru-PNP***

and Ru-POP**? (POP = phosphorous-oxygen-phosphorous) cat-
alysed FADH. ILs are a wide family of salts characteristic of a
low melting point, a negligible vapor pressure, and a high
chemical and thermal stability. Thus, using the commercially
available Ru-MACHO-BH as catalyst in combination with the IL
1-butyl-3-methylimidazolium acetate (BMIM OAc) for FADH
reached a TON exceeding 18 million and a durability of more
than 110 days. Moreover, a large volume ratio between FA and
IL exceeding 3600 was achieved, a desirable feature for applica-
tion. When switching to Ru-POP pincer congeners, similar
catalytic activities are observed for the short-term batch FADH
systems.'® However, their durability is inferior, showing
catalyst deactivation within several hours.

N-Heterocyclic carbenes (NHCs) are a group of ligands that
are analogous to phosphines but exhibit certain desirable
properties, such as the formation of thermodynamically stable
metal-ligand bonds, which suggest that replacing phosphine
groups with NHCs may lead to complexes demonstrating
enhanced stability.'*™"” Especially pincer ligands bearing an
amino-bridgehead are particularly interesting, as the bifunc-
tionality of the amino-moiety renders metal-ligand cooperativ-
ity (MLC) possible. While a few other metal complexes bearing
an (aliphatic) amino-based CNC (CNC = carbon (NHC)-nitro-
gen-carbon (NHC)) pincer ligand exist,"* only two Ru-based
complexes have been published by Pidko®® and Masahiro and
Yusuke,>* both demonstrating high catalytic activity in carbonyl
hydrogenation at low catalyst loadings.

Herein, we present the synthesis and characterisation of a
Ru(u)-carbonyl dichlorido complex, **CNC-RuCl,(CO) (Ru-1),
bearing an amino-di(NHC) pincer ligand. We demonstrate that
Ru-1 in the IL 1-ethyl-3-methylimidazolium diethylphosphate
(EMIM PO,(OEt),) produces a highly active (and stable) catalytic
system that enables full conversion of 200 equivalents of FA to
CO, and H, within an hour at 100 °C, while also being tolerant
towards exposure to air and multiple FA recharge additions
without losing its catalytic activity. Furthermore, we show that

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis and solid-state of Ru-1. Thermal ellipsoid set at 50%
probability level. All H atoms but the amino-bridgehead have been omitted
for clarity. Colour scheme: H white, C grey, O red, N blue, Cl dark green,
Ru dark blue. Selected interatomic distances (A) and angles (°):
Ru-C1 1.817(4); Ru-C2 2.105(3); Ru-N 2.247(3); Ru-C3 2.096(3);
Ru-Cll 2.4188(7); Ru-Cl2 24319(7); C1-O 1149(5); Cl1-Ru-N
173.62(14); C2-Ru-C3 173.21(11); Cl1-Ru-Cl2: 175.35(3).

the IL EMIM PO,(OEt), is a superior reaction medium to the
acetate-based IL 1-ethyl-3-methylimidazolium acetate (EMIM
OAc) for Ru-1 catalysed FADH.

Starting from N-benzyl-bis(2-chloroethyl) amine hydrochlor-
ide, ['*"CNC][CI], is isolable in excellent yield (90%, Scheme 1).
Transmetalation of [**CNC][CI], via an Ag-masked carbene
with RuCl,(CO)(PPh;),(dmf)*®> in THF affords Ru-1 as yellow
crystals in an acceptable yield of up to 40%. The NHC precursor
was obtained by reacting [""CNC][CI], to Ag,O in DCM, which
yields a light-sensitive orange/brown material that features
a 'H nuclear magnetic resonance (NMR) and '*C-NMR
spectra consistent with a heteroleptic NHC-Ag—Cl species, see
Fig. S5-S7 (ESIt)." Ru-1 was characterised in the solid state
by single-crystal X-ray diffraction (SC-XRD) and infrared-
spectroscopy (IR), and in solution by high-resolution mass-
spectrometry (HRMS) as well as 1D and 2D multinuclear
NMR spectroscopy, including 'H, **C, *'p, {"H-"H} COSY, as
well as {'H-'*C} HSQC and HMBC. Ru-1 crystallises in the mono-
clinic P2,/c space group and exhibits a slightly distorted octahedral
coordination environment of Ru, as depicted in Scheme 1. The
CNC pincer ligand coordinates in a meridional fashion and
features a carbonyl ligand trans to the amino-bridgehead. The
Ru-C bond lengths belonging to the two NHCs are 2.096(3) and
2.105(3) A, respectively, and the Ru-C bond length of Ru-CO is
1.817(4) A. These bond lengths are comparable to those reported by
Masahiro and Yusuke.** Solution-state *H and *C NMR of Ru-1,
Fig. S9-514 (ESIt), are consistent with the solid-state structure. In
the "*C-NMR spectrum, the two most downfield-shifted signals are
consistent with the C atom of the carbonyl ligand (208.8 ppm) and
the C, atom of the NHCs (184.0 ppm). {'"H-">C} HMBC delineates
these two signals from one another, as only the latter signal
demonstrates a cross-peak with the imdazole-2-ylidene C,/Cs-
protons. Importantly, no residual triphenylphosphine is observed
via *'P-NMR spectroscopy.

With Ru-1 in hand, we investigated its potential use as a
(pre)catalyst for FADH. While Ru-1 does not catalyse FADH in
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Table 1 Optimisation of reaction parameters for Ru-1 catalysed FADH in
EMIM OAc?

€O, +H,

Ru-1

Entry IL [mol%] Temp. [°C] Conv.? [%] TON TOF . [h7"]
1 None 0.1 80 <5 — —

2 None 0.1 90 <5 — —

3 EMIM OAc 0.1 80 83 830 670

4 EMIM OAc 0.1 90 91 910 1480

5 EMIM OAc 0.1 100 94 930 2650

6 EMIM OAc 0.05 90 86 1730 1630

7 EMIM OAc 0.025 90 73 2940 2010

8 EMIM OAc 0.05 100 90 1800 3500

“ Standard reaction conditions: Ru-1 (0.025-0.1 mol%), IL (1 mL), FA
(0.5 mL, 13.25 mmol), 3 h under gentle flow of Ar. Gas composition is
analysed by GC-TCD. ? Determined by '"H-NMR.

neat FA (Table 1, entries 1 and 2), using EMIM OAc as solvent
afforded 83% FA conversion (TOF . = 670 h™") at 80 °C after
3 hours with a low loading of Ru-1 (0.1 mol%, entry 3).
Increasing the temperature to 90 °C and to 100 °C, afforded
conversions of 91% and 94%, respectively, and significantly
enhanced TOF,,,, values of 1480 h™" and 2650 h™", respectively
(entries 4 and 5). As depicted in Fig. S15 (ESIt), FADH conversion
with Ru-1 in EMIM OAc operating at temperatures below 100 °C
clearly has an induction phase. Despite this induction period, Ru-1
continues to effectively catalyse FADH even when the loading is
reduced from 0.1 mol% to 0.05 mol% and further to 0.025 mol%,
resulting in 86% and 73% conversion after 3 hours, respectively, at
90 °C (entries 6 and 7). Despite the incomplete FA consumption
within the set time frame, high TON (2940) and TOF ., (2010 h™ ")
values were recorded. The same behaviour was observed at 100 °C
when decreasing the loading to 0.5 mol%, with TON = 1800 and
TOF0x = 3500 h™* (entry 8).

Contrasting our previous work on FADH where acetate-
based ILs were employed with various catalysts,"? using EMIM
OAc in combination with Ru-1 does not afford complete con-
version within a reasonable timeframe such as 3 hours. We
speculate that this is due to Ru-1 forming off-cyclic acetato-
adducts in acetate-based ILs when FA concentration is suffi-
ciently low (vide infra). Hence, we turned our attention to
EMIM PO,(OEt),, and pleasingly observed full FA conversion
at 90 °C, see Table 2, entry 3. However, as evident in the TOF 5«
values, there is a marked difference in the initial rate between
the two ILs, see Fig. S16 (ESIY).

Subsequent screening of reaction conditions of the
phosphate-based IL system revealed that at 100 °C, full conver-
sion was achieved within one hour resulting in a TOF,,x of
1100 h™ " (entry 4). Lowering the loading of Ru-1 to 0.05 mol%
still achieved full conversion albeit only after 3 hours, providing
a TON of 2000 and TOF ., of 820 h™* (entry 5).

We then studied the durability of Ru-1 over multiple FADH
cycles with various loadings of FA. Successively supplying the
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Entry IL Ru-1 [mol%] Temp. [°C] Conv.” [%] TON TOF max [h 7]
1 EMIM OAc 0.1 90 91 910 1480
2 EMIM OAc 0.05 90 86 1730 1630
3 EMIM PO,(OEt), 0.1 90 >99 1000 400
4 EMIM PO,(OEt), 0.1 100 >99 1000 1100
5 EMIM PO,(OEt), 0.05 100 >99 2000 820

“ Standard reaction conditions: Ru-1 (0.05-0.1 mol%), IL (1 mL), FA (0.5 mL, 13.25 mmol), 3 h under gentle flow of Ar. Gas composition is analysed

by GC-TCD. ? Determined by "H-NMR.

setup with FA still led to full conversion after six cycles, after
which no more cycles were attempted (see Fig. 1 and Table S21,
ESIt). Furthermore, leaving the reaction medium standing for
three days between cycles 2 and 3 has practically no influence
on its catalytic performance. In addition, in cycle 4 the amount
of supplied FA was doubled which considerably slowed down
the FADH activity in the first hour (approximately 20% conver-
sion) but nevertheless led to 85% conversion after 3 hours and
full conversion after 4 hours. Hence, there seems to be a
saturation point of FA in EMIM PO,(OEt), after which the
beneficial effect of the IL on the catalytic activity of activated
Ru-1 diminishes significantly but can be regained once suffi-
cient FA has been converted (at a slower rate). Notably, full FA
conversion is repeatedly reached in the following two cycles as
well (cycle 5 and 6), and all six cycles proceed with similar
TOF 0 values (490-650 h™'), indicating that the combination
of Ru-1 and EMIM PO,(OEt), comprises a stable and durable
catalytic system for FADH.

In situ HR-MS and "H-NMR spectroscopy (Fig. $17-519, ESI¥)
show early formation of a formato species in cycle 1 during the
slow onset of catalysis and the appearance of a hydrido species
after two cycles. This is in line with the expectation that Ru-1 is
a precatalyst, the formato complex an off-cycle species, and the
hydrido complex the resting state. Ru-1 is proposed to turn into
the amido congener by HCI elimination, likely facilitated by the
IL anion. In the same manner, the formato complex turns into
the amido congener by FA elimination. Furthermore, FA dehy-
drogenation is proposed to occur on the amido complex via an
outer sphere mechanism. Moreover, EMIM OAc seems more
efficient than EMIM PO,(OEt), at generating the amido species,

—=— Cycle 1
—e—Cycle 2
—4—Cycle 3
—v—Cycle 4
—+—Cycle5

Cycle 6

FA Consumption / %

0,0 05 1,0 1:5 2:0 25 3,0

Time/h
Fig. 1 FA conversion over time in batch reactions conducted in EMIM
PO,(OEt), using Ru-1 as (pre)catalysts. In cycle 4 an excess of FA is
purposefully added to the system. It shows a similar conversion to the
first cycle.
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but also coordinates to the catalyst, a particular obstacle at low
FA concentration. On the other hand, the use of phosphate-
based ILs might be superior to acetate-based ones due to a
lower propensity to compete with formato complex formation.
This also explains the slow FADH with doubled FA addition in
EMIM PO,(OEt),.

Having demonstrated the resilience of Ru-1 and EMIM
PO,(OEt),, we sought to assess the influence of the CNC pincer
ligand. To this end, we carried out the successive cycles
using two related Ru(ir) carbonyl complexes typically considered
as simple metal precursors, ie., RuCl,(CO)(PPh;),(dmf) and
RuHCI(CO)(PPh)s.

Fig. 2 shows the FA conversion for four of six successive
cycles, comparing Ru-1 to the two precursors where the inserts
A, B, C, and D, show the first, second, fifth, and sixth batch
cycle, respectively. See Fig. S25-S29 and Tables S15-S34 (ESIT)
for relevant data on gas composition, comparison of FADH
efficacy of the individual precursor over six batches as well as
compared with Ru-1, and listings of TON/TOF values. Surpris-
ingly, in the first cycle (insert A), both precursors, but particu-
larly RuCl,(CO)(PPh;),(dmf), demonstrated markedly better
catalytic activity than Ru-1. Interestingly, in situ "H NMR

| A. Batch cycle 1 | B. Batch cycle 2

80
60

404

FA Consumption / %

20
—=—Ru-1
—e—RuCL(CO)(PPhy),(dmf) |
—— RUHCI(CO)(PPhs);

0,0 05 1.0 15 2,0 25 30 00 05 10 15 2,0 25 3,0

| C. Batch cycle 5
Cycle 1 after excess FA

| D. Batch cycle 6
Cycle 2 after excess FA

FA Consumption / %

0,0 0:5 1:0 1:5 2:0 2?5 3:0 0,0 OjS 1t0 1?5 210 215 3:0

Time/h Time /h
Fig. 2 FA conversion over time in batch reactions conducted in EMIM
PO,(OEt), comparing Ru-1, RuCl,(CO)(PPhs),(dmf), and RUHCLCO)(PPhz)s
as (pre)catalysts. Insert A and B show the first and second batch cycles,
respectively. Insert C and D show the fifth and sixth cycles, which
correspond to the first and second cycle after the introduction of an
excess of FA.

This journal is © The Royal Society of Chemistry 2025
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analysis before complete FA consumption (45 min reaction
time) revealed the formation of several hydrido species in the
two precursor systems, with one species appearing to be
dominant in both systems, see Fig. S18a (ESIt). In addition,
in situ HR-MS analysis suggests the incorporation of an EMIM-
based NHC-ligand into the ligand system of both precursors,
see Fig. S19a-d (ESIt). However, these catalytically active spe-
cies seem to degrade over time, possibly due to an instability at
elevated temperature in the absence of FA. This is also evident from
the second FADH cycle (insert B), where RuHCI(CO)(PPh;); exhibited
poor catalytic conversion and RuCl,(CO)(PPh;),(dmf) has become
similar to Ru-1 in activity. Furthermore, oversaturating the systems
with FA in cycle 4 leads to much lower conversions in cycles 5 and 6
(inserts C and D, respectively), demonstrating that the precursors are
significantly inferior to Ru-1. These observations support that the use
of a CNC pincer ligand imposes stability for FADH catalysis in EMIM
PO,(OEt),.

In conclusion, we have developed a novel amino-based
di(NHC) Ru pincer complex, Ru-1, and fully characterised it
by a range of analytical techniques, including SC-XRD, IR,
NMR, and MS. Ru-1 in combination with the IL EMIM
PO,(OEt), results in a catalytic system that enables efficient
and durable FADH under mild conditions, producing only H,
and CO, gas. Additionally, the system can withstand exposure
to an excess of FA without incurring significant loss in catalytic
capabilities over several cycles, different from two Ru(u) pre-
cursors. In situ analysis of the catalytic reactions reveals the
appearance of formato and hydrido species, indicating that
Ru-1 undergoes initial activation, suggesting that phosphate-
based ILs might be better than acetate-based ones due to a
reduced tendency to generating off-cycle complexation with the
catalyst.
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