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The utilisation of mono- and bidentate p-cymene Ru''-NHC com-
plexes as pre-catalysts, along with formic acid as the hydrogen
source, facilitates the formation of active diruthenium intermedi-
ates featuring bridging chlorido and/or hydrido ligands, which play
a key role in the conversion of levulinic acid to y-valerolactone.

As the world faces increasing challenges of fossil fuel
depletion and escalating carbon dioxide emissions, there is an
urgent need to explore more sustainable and environmentally
benign alternatives for energy and chemical production.'™
Biomass stands out as a viable option, representing the sole
key renewable organic carbon source.*® Levulinic acid (LA)
stands prominently among those molecules and has been
identified by the National Renewable Energy Laboratory as one
of the top twelve building block chemicals that can be pro-
duced via biological or chemical conversion from plant
biomass.® y-Valerolactone (GVL), recognised for its potential as
a fuel and green solvent, can be derived from LA through cata-
lytic hydrogenation using hydrogen gas’ or formic acid (FA)
(Fig. 1A).

Using FA as the hydrogen source offers significant advan-
tages, particularly since FA is a co-product obtained from the
typical LA production process through acid-catalysed hydro-
lysis.® Hence, it would be a resource-efficient approach as FA is
already present in the reaction mixture. Furthermore, employ-
ing FA as the hydrogen source, under suitable dehydrogena-
tion conditions, has been demonstrated to be both economi-
cally and environmentally advantageous.’ This catalytic trans-
formation of LA to GVL using FA represents a promising
avenue for harnessing the potential of LA as a renewable plat-
form molecule, contributing to the quest for sustainable
chemical solutions.
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Despite numerous studies on the homogeneous catalytic
hydrogenation'®™** of LA to GVL, few have used FA as the
hydrogen source,">'® and there has been limited exploration
into the mechanistic aspects of this process.'”'® In 2014,
Fabos et al. proposed the formation of a mononuclear ruthe-
nium complex as the main catalytically active species upon dis-
sociation of a hydrido-bridged dinuclear Shvo catalyst
(Fig. 1B)."®

In the last decade, the use of N-heterocyclic carbene (NHC)
ruthenium complexes as catalysts has attracted increasing
research attention.'®?® NHCs are valued for their strong o-
donating capabilities, leading to the formation of relatively
stable metal-carbon bonds.”" Additionally, they offer excellent
steric and electronic versatility,”>?® making them attractive
candidates for catalytic applications. Although Ru-NHC com-
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Fig. 1 (A) Conversion of LA to GVL using molecular hydrogen or formic
acid as the hydrogen source, (B) Shvo's catalyst dissociation to active
mononuclear species, (C) previously reported catalyst for the LA to GVL
conversion using FA as the H; source.
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plexes have been extensively studied as catalysts for the
hydrogenation®””*® and transfer hydrogenation®® of carbonyl
compounds, their use in the hydrogenation of LA using FA as
the hydrogen source (Fig. 1C) is relatively unexplored.'®*%3°
Hence, the design, synthesis, and mechanistic understanding
of Ru-NHC catalysts for LA hydrogenation can advance the
development of a more sustainable process.

In this study, seven p-cymene Ru(u)-NHC complexes were
prepared (Fig. 2) according to a reported procedure®® and used
as the pre-catalyst in the hydrogenation of LA to GVL in the
presence of FA as the hydrogen source. Complex 1a is a new
complex, and its characterisation data is provided in the SI.

The hydrogenation reactions were carried out neat at 130 °C
in a closed vessel, with one molar equivalent of FA as the
hydrogen source and 3 mol% NaOH. Initially, the decompo-
sition of FA to H, and CO, led to a pressure build-up to 100
bar within the first hour, which gradually decreased thereafter
(see SI for GC analysis of the gases produced). No formation of
other products but GVL was detected. The summarised results
are presented in Table 1.

Compared to other well-known ruthenium precursors
(entries 1-4), the monocarbene complexes 1 and 2 afforded
higher GVL yields (entries 5 and 7). Adding Cl substituent at
4,5-position to the imidazole (1a) resulted in a substantial
decrease of GVL yield from 88% to 74%. Changing the NHC
backbone from imidazole (1) to benzimidazole (2) led to slight
improvement of the GVL yield. However, substituting the R
group from an isopropyl to a benzyl group resulted in a signifi-
cant decrease in GVL yield, from 91% to 72%.

Next, complexes 4-6 (entries 9-11) containing bidentate
ligands were tested, and it was observed that complex 5
afforded the highest GVL yield of 83%. According to the
chelate effect, as the chain length between two donor atoms
increases, the chelate effect decreases.*’ This is evident in 5-
and 6-membered metallacycles and becomes marginal for
7-membered metallacycle. Consequently, the 7-membered
metallacycle complex 5 exhibited a higher activity compared to
4. The weakening of the metal-carbon bond could have
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Fig. 2 Ru(in) NHC complexes 1-6 used in this study.
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Table 1 Hydrogenations with FA as hydrogen source?

Entry Pre-catalyst GVL? (%) TON TOF (h™1)
1 Ru/C (5%) 72 953 79
2 [RuCl,(PPhs),] 69 920 77
3 [RuCl,(p-cymene)], 78 1044 87
4 [RuCl,(Cp*)]» 78 1032 86
5 1 88 1175 98
6 la 74 986 82
7 2 91 1209 101
8 3 72 964 80
9 4 75 997 83
10 5 83 1108 92
11 6 67 896 75

?Reaction condition: LA: 80 mmol, FA: 80 mmol, [Ru]: 0.075 mol%,
NaOH: 2.4 mmol, 130 °C, 12 h. ? Average of 2 runs, analysed by HPLC.

increased the lability of the ligand and enabled a vacant site
for metal coordination with LA to form GVL. Complexes 4 and
6, both 6-membered metallacycles, gave moderate GVL yields
of 75% and 67% respectively. After the reaction, a homo-
geneous solution was obtained in all cases, and no nano-
particles were detected during TEM analysis. This is surpris-
ingly different to when hydrogen gas was used instead of FA as
the hydrogen source, which had previously resulted in the for-
mation of Ru nanoparticles as the hydrogen atmosphere is a
highly reducing environment.*® FA, which is used as the hydro-
gen source in this study, needs to be decomposed into hydro-
gen first to create a reducing environment (which is milder
than the strongly reducing hydrogen environment) to reduce
LA to GVL. Besides, FA can also act as a ligand and coordinate
onto the metal center.

To further elucidate and understand the role of FA in this
reaction, additional experiments were carried out using
complex 1 as it could be prepared in higher yields (85-90%)
compared to the other complexes (15-60%). The summary of
the additional experiments can be found in the SI.

First, the gases (CO, and H,) generated from the decompo-
sition of FA were released and the reactor was subsequently
charged with 36 bar of hydrogen. The reaction was then
allowed to proceed for an additional 11 hours, since the
decomposition of FA typically requires about one hour for
completion. At the end of the reaction, nanoparticles were not
observed during TEM analysis and about 72% yield of GVL
was obtained.

In the second experiment, carbon dioxide and hydrogen
gas were charged directly into the reaction system in a 1:1
ratio, and the reaction was allowed to proceed. After 11 hours,
Ru nanoparticles were detected (see SI) with a GVL yield of
53%. Therefore, Ru nanoparticles were formed®® when hydro-
gen gas was used instead of FA as the hydrogen source, which
corroborates with previous reports.>® Additionally, a mercury-
poisoning test®> was also carried out with 1, which revealed no
evident suppression of activity. With or without mercury, the
GVL yield remained the same at 79%. This result suggests that
the hydrogenation occurred via a homogeneous pathway and
not a heterogeneous one. UV analysis of the reaction mixture
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with 1 and FA over a 24-hour period (six reactions were carried
out at 3, 6, 9, 12, 18, 24 h) revealed the formation of a new
intermediate, which remained stable throughout the process
(see SI). Furthermore, ESI MS analysis of an aliquot from the
reaction mixture at 30 min showed the possible presence of a
dinuclear formato-bridged p-cymene ruthenium complex A (m/
z = 622) without the NHC ligand (see SI). Three other dinuclear
ruthenium complex fragments B (m/z = 578), C (m/z = 552) and
D (m/z = 507) were also observed. Similar dinuclear species
had been reported in the decomposition of FA catalysed by
ruthenium complexes.***

Understanding reaction intermediates is crucial as they
provide valuable insights into the reaction mechanism. To this
end, we endeavoured to isolate and elucidate the structures of
these intermediates. Complex 1 was mixed with 130 equiv. of
FA and heated at 60 °C for 3 hours. Subsequent TLC separ-
ation of the crude products gave two fractions. One fraction
contained pure product 7, which is a hydrido- and chlorido-
bridged diruthenium complex (Fig. 3) and was characterised
by 'H NMR analysis. The other was a mixture of 7 and 8,
whereby 8 is a diruthenium complex with an additional
formato-bridge. In the "H NMR spectrum of 7, the bridging
hydrido exhibits a characteristic chemical shift at —10.17 ppm,
similar to the previously reported value of —10.10 ppm.*
Complex 8 is labile and tends to convert to complex 7 by
losing one molecule of carbon dioxide in an acidic environ-
ment (silica gel is acidic and contains residual chloride). This
explains our initial observation of a mixture of 7 and 8 during
the first TLC separation. While we were unable to isolate pure
8, '"H NMR analysis of the mixture of 7 and 8 showed the
typical chemical shifts for the hydrido (-6.97 ppm) and
formato-bridges (6.81 ppm) with integrals in a 1:1 ratio (see
SI). These chemical shifts are consistent with those reported
previously."” To confirm that other pre-catalysts also form 7
and 8, we used complex 2 under identical experimental con-
ditions, and 'H NMR analysis revealed the same chemical
shifts we observed previously.

We also attempted to react [RuCl,(p-cymene)], with 130
equiv. of FA at 60 °C for 3 hours to prepare 7 but recovered the
complex unchanged upon the removal of FA. Since it has been
shown that [RuCl,(p-cymene)], yields 7 in the presence of tri-
ethylamine under 4 atm of hydrogen,*®> we presume that the
basic NHC ligand facilitates the formation of 7.

Attempts to grow and obtain diffraction-quality crystals of 7
were unsuccessful. Nevertheless, we were able to synthesize
and isolate the more stable p-cymene p-hydrido/p-bromido dir-
uthenium complex 9 (an analogue of 7), confirming its struc-
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ture through NMR, MS, EA, and single-crystal XRD analysis
(Fig. 4, SI), achieved by a halogen exchange from ClI to Br. This
p-hydrido-bridged dinuclear ruthenium complex was then
used directly in the hydrogenation of LA to GVL under the
same conditions and yielded similarly good results (88%
yield). The exchange of chlorido ligand to bromido ligand is
expected to have a minor effect on the catalytic activity in
transfer hydrogenations.*® Our findings suggest that FA under-
goes catalytic decomposition to produce hydrogen gas and
carbon dioxide, leading to the formation of the stable dinuc-
lear ruthenium complex. In this case, FA serves as both the
hydrogen source for the transfer hydrogenation process and as
a facilitator in the formation of diruthenium active species
that catalyses the transformation of LA to GVL.

To investigate whether the presence of an organic acid can
stabilise the dinuclear ruthenium species instead of reduction
to Ru nanoparticles, we added one equivalent of acetic acid to
the reaction mixture charged with 36 bar of hydrogen gas and
complex 1 for 11 hours. At the end of the reaction, ruthenium
plating was formed on the reaction liner, with 28% GVL
formed, and nanoparticles were detected during TEM analysis
(see SI). Under such a reducing hydrogen atmosphere, 7 can
be rapidly converted to ruthenium nanoparticles.’’*® In the
absence of hydrogen gas, the soluble ruthenium complex
remains in the reaction mixture. Upon heating 9 with excess
acetic acid at 130 °C, and after TLC separation using
DCM : MeOH in a 9: 1 ratio, compound 10 (Fig. 3) was isolated
and characterised by "H and ">C NMR (see SI). We also con-
ducted an experiment using 2-butanone as a simple aliphatic
2-oxoalkane under identical reaction conditions. The
2-butanol yield was quantified by 'H NMR to be 65%,
suggesting that the ketone group in 2-butanone is hydrogen-
ated more slowly than the ketone group in LA. It is believed
that the carboxyl group of the LA is important as it needs to
anchor onto the diruthenium complex for hydrogenation of LA
to proceed. With supported metal catalysts,>® the hydrogen-
ation of LA and 2-pentanone, showed similar reaction rates
under comparable conditions.
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Fig. 4 Molecular structure of 9 with thermal ellipsoids drawn at 30%
probability level. Hydrogen atoms and solvent molecules are omitted for
clarity. Selected bond lengths (A) and bond angles (°): Ru(1)-Ru(2)
2.9928(7), Br(1)-Ru(2) 2.5528(7), Br(2)—Ru(1) 2.5320(6); Br(3)—Ru(2)-Br(1)
90.91(2), Br(2)-Ru(1)-Br(3) 89.77(2).
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Based on all these results, we propose the following mecha-
nism. The dinuclear ruthenium complex 8 first forms from the
carbene complex 1 (Fig. 5) in the presence of FA. The ease of
forming 8 depends on the ease of dissociation of the carbene
ligands when protonolysis of the Ru-NHC happens in the pres-
ence of FA. Although it has been well-known that M-c bonds
are quite strong, M-NHC bonds can be cleaved via reductive
elimination, protonolysis and ligand displacement.*’
Protonation of M-NHC complexes with Bregnsted acid results
in the loss of the imidazolium salt.*"** During this process,
the carbene ligand dissociates from the Ru center, releasing
hydrogen chloride as a by-product. The free NHC ligand (m/z =
153) was detected and observed as an imidazolium cation in
ESI-MS (see SI.) Sodium hydroxide was added as a base to
promote this reaction. Complex 8 then enters the first catalytic
cycle I, whereby FA decomposes into hydrogen gas and carbon
dioxide, which forms 7, the resting state. Analogous dinuclear
Ru-H species have similarly been identified as resting states in
related catalytic systems.”® In cycle II, LA reacts with 7 to form
intermediate 11, which we suggest to be the rate-determining
step. Subsequently, the hydride attacks the carbonyl group of
the LA to form the hemi-acetal cyclic lactone, denoted as inter-
mediate 12. Upon addition of hydrogen, which was formed
from cycle I, the resulting intermediate 13 regenerates back to
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Fig. 5 Proposed mechanism for the formation of dinuclear ruthenium
complexes and the catalytic cycles to reduce LA to GVL.
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7, releasing GVL and a molecule of water. Consequently, with
the addition of another molecule of FA, 7 restores back to 8,
completing both catalytic cycles. Alternatively, intermediate 13
could directly react with LA to intermediate 11, forming a sep-
arate catalytic cycle independent of the FA decomposition.
Further kinetic and computational modelling studies could
elucidate the mechanism. Unlike cycle I where carbon dioxide
formed as the by-product, in cycle II, GVL and water are
released as the main products. To prove the formation of inter-
mediate 11, compound 9 (Br analogue of 7) was heated to
130 °C with 5 equivalents of LA in MeOH. Upon TLC separ-
ation with DCM : MeOH in a 9: 1 ratio, the bromido-equivalent
of 11 was successfully obtained and was characterised by 'H
NMR (see SI), justifying the proposed catalytic mechanism.
Noteworthily this mechanism differs significantly from pre-
vious work'® where the dissociation of the dinuclear Shvo’s
catalyst formed a mononuclear ruthenium complex, which was
proposed to be the main catalytically active species. Whilst
here, the unexpected dissociation of the NHC ligand led to the
experimentally observed diruthenium complexes 7 and 8 that
are believed to be the key active species in both catalytic cycles
I and II. We were unable to detect the transient intermediates
corresponding to complexes 12 and 13 by NMR or ESI-MS as
they are short-lived and are rapidly consumed in the sub-
sequent reaction step, making their direct observation challen-
ging under the current experimental conditions.

Conclusions

In conclusion, we have successfully synthesized and evaluated
seven p-cymene Ru(u)-NHC complexes as pre-catalysts for the
hydrogenation of levulinic acid (LA) to y-valerolactone (GVL),
using formic acid (FA) as the hydrogen donor. FA was found to
promote the formation of a formato-bridged, and subsequently
a hydrido-bridged, dinuclear ruthenium complex. This dinuc-
lear species was successfully isolated, fully characterised and
is proposed to be the true active catalytic intermediate in the
reaction. Interestingly, the labile NHC ligand appears to play
only a peripheral role—facilitating the formation of the dinuc-
lear p-cymene ruthenium complexes—without participating
directly in the catalytic cycle. This unexpected behaviour chal-
lenges previous assumptions about the robustness and coordi-
nation strength of NHC ligands under reducing conditions.
We hope these findings provide new insights into the mechan-
istic complexity of this catalytic transformation and contribute
to the rational design of more efficient molecular catalysts for
biomass valorisation.
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