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Ruthenium catalyzed transformation of levulinic
acid to y-valerolactone in watery

Bhanu Priya,i Vinod K. Sahu} and Sanjay K. Singh @2*

High catalytic activity for selective and efficient transformation of levulinic acid (LA) to y-valerolactone (GVL)
in water was achieved over (n°-p-cymene)Ru(i)-pyridylamine, [(n°-CioHiaRUCUKZ-LIT (L = Namine-
substituted pyridylamine ligands) based molecular catalysts. A series of complexes with pyridylamine
ligands having different electronic and steric properties were synthesized and characterized. A significant
influence of the Namine-Substituents of the pyridylamine ligand on the catalytic activity was observed
where the [(n°-p-cymene)RuCl(xk?-pyNH"pr)]* catalyst ([Rul-2) outperformed others with 87% yield and
>99% selectivity for GVL at 80 °C in water. Advantageously, the activity of [Rul-2 was also scaled up to
gram scale transformation of LA to GVL. Control experiments, pH dependent NMR and mass studies
revealed the involvement of crucial reaction intermediates and catalytic species in the transformation of

LA to GVL.

With the increase in global population, industrialization, and civilization, there is a rapid growth in energy consumption and environmental pollution. To

address these issues, we need to find alternative renewable energy resources and advanced cost-effective technologies. Abundantly available lignocellulosic
biomass can serve as an alternative energy resource, as it can be transformed into a variety of bio-platform chemicals including furfural, 5-hydroxymethyl
furfural, levulinic acid, and y-valerolactone (GVL). Herein, we demonstrated low temperature hydrogenation of levulinic acid to GVL using N-pyridylamine based
Ru catalysts in water. Notably, GVL has wide application in the production of biofuels, fuel additives, and as a green solvent. This work addresses the UN SDG 7

(Affordable and Clean Energy) and SDG 13 (Climate Action).

Introduction

In the current scenario of depleting fossil fuel resources,
abundantly available biomass is being extensively explored as
alternative sustainable feedstock for the production of a variety
of value-added chemicals and fuel components.”> Among
several biomass-derived chemicals, levulinic acid (LA) can be
readily produced by the acid catalyzed hydrolysis of sugars and
is one of the top ten biomass-derived platform chemicals.>* The
valorization of LA can produce a wide variety of value-added
chemicals and fuel blenders such as vy-valerolactone (GVL),
valeric acid, 2-methyl tetrahydrofuran, and valeric esters.> GVL
is of interest as it offers tremendous flexibility in downstream
applications and upgradation into a variety of value-added
chemicals.®® Due to its chemical and physical properties, it
can be used in various ways, for example as a gasoline blender,
as a natural aromatic substance,' as an additive in cosmetics
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and in domestic products.™ Moreover, enantio-pure GVL can be
utilized as a chiral building block for the synthesis of various
pharmaceutical products.*>

Various homogeneous as well as heterogeneous catalytic
systems have been extensively explored for the transformation
of LA to GVL. A number of heterogeneous catalysts based on
various noble and non-noble metals (such as Pt,"* Ru,"* Au,"
Fe,'® Pd,"” Ni," and Cu,'*°) were employed and found efficient
for the transformation of LA to GVL. However, reaction condi-
tions were relatively harsher (higher temperature, 130-150 °C
and higher pressure of H, gas, 12-60 bar) while using these
catalysts. A number of review articles listing the various
heterogeneous catalytic systems for this transformation are
published in recent years.'®** On the other hand, in the search
for efficient homogeneous catalytic systems for the trans-
formation of LA to GVL, several Pd (1 in Scheme 1),* Pt (2 in
Scheme 1), and Ir (3, 4 in Scheme 1)*** based molecular
catalysts were explored. For instance, Zhou et al. reported an
iridium trihydride complex with the PNP pincer ligand (5 in
Scheme 1) for LA to GVL conversion at 100 °C and 50 bar H, and
achieved a TOF of nearly 1480 h™'.2° Fu et al reported a half
sandwich Ir-cp*-bipyridine based complex (6 in Scheme 1) for
the transformation of LA to GVL in water at 10 bar H, or with
formic acid at 120 °C.” Jang et al. also reported an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular catalysts explored for the transformation of LA to GVL.

Ir(triscarbene) catalyst (7 in Scheme 1) for transfer hydrogena-
tion of LA to GVL in water at 150 °C using glycerol as a hydrogen
source in the presence of Ba(OH), and observed an appreciably
high TON of 500000.>® Recently, Tu et al. used the self-
supporting strategy and reported a solid molecular catalyst
based on bis-N-heterocyclic-carbene-iridium complexes for LA
to GVL conversion at 100 °C and 1 bar H,.** Although, Ir based

© 2024 The Author(s). Published by the Royal Society of Chemistry

molecular catalysts are reported to be more active and display
a higher TOF than Ru based catalysts, the Ru catalysts have
relatively low cost and easy availability and thus used more
widely at laboratory and industrial scales. Among them, most of
the Ru catalysts explored were associated with the use of
phosphine-based ligands (Table S1t). For instance, Horvath
et al. reported an in situ generated catalyst by using Ru(acac);
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and the TPPTS (triphenylphosphine trisulfonate) ligand at 140 °©
C and 70 bar H, pressure for the hydrogenation of LA to GVL
and achieved complete conversion of LA with a turnover
frequency (TOF) of 50 h™'.%° Furthermore, Guo et al. used RuCl,
with PPh; for the hydrogenation of LA to GVL using HCOOH as
the H, source (or 40 bar H, with 40 bar CO,) in the presence of
pyridine at 150 °C and observed a TOF of 155 h™ .3 Beller et al.,
Mika et al., and Leitner et al. also used triphos/biphos ligands
with Ru(u) precursors at 140-160 °C and obtained a TOF of 452
h™, 3540 h™?, and 144 h™! respectively.®>3* Furthermore,
Horvath et al. explored a ruthenium based Shvo catalyst (8 in
Scheme 1), while using formic acid as a hydrogen source at 100 ©
C under solventless conditions to achieve a TOF of 177 h™ %%
Darkwa et al. reported solvent-free transformation of LA to GVL
using pyrazolylphosphite and pyrazolylphosphinite ruth-
enium(u) complexes (9 in Scheme 1), using both formic acid
(TOF 60 h™') and molecular hydrogen (15 bar) as hydrogen
sources at 100-120 °C."* Makhubela et al. replaced the phos-
phine ligands with N,N donor iminopyridine ligands for Ru(u)
(10 in Scheme 1) catalyzed LA to GVL transformation and the
reaction was performed under solvent free conditions using
formic acid as a hydrogen source to achieve a TOF of 81.6 h™* at
150 °C.*® Miller et al. reported triphos complexes of ruthenium
(11 in Scheme 1) for the transformation of LA to GVL at 130 °C
and 50 bar H, (TOF 48 h™').*” Makhubela et al. reported
a dinuclear Ru complex having multidentate pyridyl-
aminophosphinite and pyridyl-phosphoramidite ligands (12 in
Scheme 1) for the transfer hydrogenation of LA using formic
acid as a hydrogen source at 120 °C under neat conditions and
observed complete conversion of LA in 8 h with a TOF of 123
h™'.% wildeman et al used a 7°-(2,3,4,5-tetraphenylcyclo-
pentadienone)-Ru(CO); complex (13 in Scheme 1) for LA to GVL
transformation under solvent free conditions at 100 °C and 50
bar H, pressure and observed a TOF of 144 h™".>* More recently,
Hou et al. tested a ruthenium hydride complex (14 in Scheme 1)
for solvent assisted hydrogenation of methyl levulinate to GVL
at 100 °C and 10 bar H, pressure.” They used tetrabuty-
lammonium acetate (TBAOAc) as the solvent, which not only
acted as a reaction medium but also coordinated to Ru resulting
in the formation of Ru-OAc species, which further helped in the
activation of H,. Some iron complexes (15 and 16 in Scheme 1)
were also reported for the transfer hydrogenation*! and direct
hydrogenation*” of LA and alkyl levulinates. LA to GVL trans-
formation was also explored using in situ generated Fe-
nanoparticles from the Fe;(CO),, precursor in the presence of
imidozyl, pyridine, triethylamine or KOH at 180 °C yielding GVL
in good yield (92%).** Similarly, cobalt based catalysts using
Co(BF,),-6H,0 and a tetradentate phosphine ligand P(CH,-
CH,PPh,); at 100 °C and 1 bar H, in 1,3-dimethyl-2-imidazoli-
dinone™ and Ni based catalysts using Ni(OAc),-4H,0 and the
triphos ligand at 1 atm H, pressure*® were also utilized for the
hydrogenation of LA to GVL. Recently, Gracia et al. reported
a [(dippe)Ni(COD)] catalyst (17 in Scheme 1) for transfer
hydrogenation of LA in a biphasic solvent system (H,O : THF
(5:1)) at 120 °C using formic acid as the hydrogen source.*®
More recently, the same group reported a homogeneous Cu(i)
based catalytic system comprising [(PPh;),Cu(NO3)] and the
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dippe ligand for the hydrogenation of LA at 140 °C and 20.6 bar
H, pressure in hexane and yielded >99% GVL.* A titanium
based catalyst [Cp,TiCl,] (18 in Scheme 1) is also reported for
the hydrogenation of LA at 100 °C and 6.8 bar H,.**

It is thus evident from the rich literature reports that most of
the catalytic systems explored for LA to GVL transformation
either use external H, gas (as high as 100 bar) or organic
hydrogen donors such as formic acid, isopropanol, methanol,
ethanol, or glycerol (Scheme 1 and Table S1t). Utilizing organic
hydrogen donors eliminates the need for pressurized hydrogen
gas in pressure reactors. Notably, Guo et al. demonstrated that
formic acid produced during the transformation of 5-hydrox-
ymethylfurfural (5-HMF) to LA can serve as a hydrogen source
for further hydrogenation of LA to GVL.>* However, a wide range
of molecular catalysts explored for the transformation of LA to
GVL using HCOOH require high reaction temperatures (as high
as 150 °C) (Scheme 1 and Table S17). Therefore, it is desirable to
explore molecular catalysts which can avoid the use of elevated
reaction temperatures and higher H, pressures for the trans-
formation of LA to GVL. In this regard, herein, we report an
efficient transformation of LA to GVL at a lower reaction
temperature over water-soluble (n®-p-cymene)Ru(u)-
pyridylamine-based molecular catalysts. A series of water-
soluble (5°p-cymene)Ru(n) complexes containing Namine
substituted pyridylamine ligands are synthesized and charac-
terized, and the X-ray molecular structure of the complexes [Ru]-
4, [Rul]-5, and [Ru]-8 were determined. The synthesized
complexes catalyzed the hydrogenation of biomass-derived LA
to GVL using HCOOH as a hydrogen source under milder
reaction conditions (80 °C) in water. Advantageously, using
pyridylamine ligands with substituted Numine €nabled us to
effectively explore and tune the steric bulkiness and basicity of
Namine Of the synthesized Ru complexes and hence the catalytic
activity for the transformation of LA to GVL. Mechanistic
investigations using mass and NMR studies were performed to
identify the crucial catalytic intermediate species involved in
the transformation of LA to GVL. Moreover, the optimized
methodology for LA to GVL was scaled up to the gram-scale.

Results and discussion

Synthesis and characterization of (1°-p-cymene)Ru(u)-
pyridylamine complexes ([Ru]-1-[Ru]-8)

Cationic (n®p-cymene)Ru(u)-pyridylamine complexes [Ru]-1-
[Ru]-8 having N-pyridylamine ligands L1-L8 were synthesized
by treating [{(n°-p-cymene)RuCl,},] with the respective Numine
substituted pyridylamine ligand in acetonitrile at room
temperature (Scheme 2), following our previously reported
process.” The synthesized (n°p-cymene)Ru(u)-pyridylamine
complexes vary in terms of the substituents at Nyine ([Ru]-1:
NamineHz; [Ru]-2: Namine--propyl; [Ru]-3: Namine-i-propyl; [Ru]-4:
Namine--butyl; [Ru]-5: Namine-i-butyl; [Ru]-6: N,pine-n-pentyl;
[Ru]-7: Numine-i-pentyl; [Rul-8: Numine-t-pentyl). Varying the
substituents at the N,mnine group may play a crucial role in
tuning the electronic and steric properties and hence further
tune the catalytic performance of the synthesized complexes
[Ru]-1-[Ru]-8 for the transformation of LA to GVL.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00285c

Open Access Article. Published on 01 December 2023. Downloaded on 12/9/2025 9:34:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Sustainability

: $ ] PFe
|

i) CH,CN, stir, .Ru R

AR . | R 0 rt.317h ci L\H/ R=-H X))
Cl "Cl . NH - — s :/_)-pfop;'d (3)
(ii) NH4PF, stir, | -propy (L3)
rt,4h = -n-butyl  (L4)
-Fbutyl gtg;

i -n-pen
(nt-p-cymene)Ru dimer L1-18 [Ru}-1 - [Ru]-8 _Fpr:] t;s'd s
-t-pentyl  (L8)

CIv . L\NHZ CIwv A‘\N/\/
~ ~
| |
[Ru}-1 [Ru}-2

: z —]PFs

’J : zl —PFs
c k.\\N/Y

l = l Z
[Ru}-5 [Ru}-6

cw‘"'RE ~H~~-

l S l =
[Ru}-3 [Ru}-4

Scheme 2 Synthesis of (n®-p-cymene)Ru(i) complexes [Rul-1-[Ru]-8, containing pyridylamine ligands L1-L8.

The spectro-analytical analysis of the synthesized complexes
corroborated well with the proposed structures. The *H NMR of
the [Ru]-1-[Ru]-8 displayed a similar trend of downfield chem-
ical shift (8.93-9.12 ppm) as compared to that of the free pyr-
idylamine ligands (8.42-8.48 ppm) for the ortho -CH protons.*
The significant downfield shifts for the -CH, protons indicated
the ligand coordination to the ruthenium metal center. Upon
introducing an electron rich alkyl substituent at the aminic
nitrogen (Nymine), a significant upfield shift of resonance is
observed for the ortho -CH protons of the pyridine ring from
9.12 ppm in [Ru]1 to 8.93-9.03 ppm in [Ru]-2-[Ru]-8. The
coordination of (n°p-cymene) to the Ru(i) center is also
confirmed by the presence of peaks for aromatic protons in the
range of 5.65-5.92 ppm, the methyl proton in the field of 1.88-
1.98 ppm, and the methine and methyl protons of the isopropyl
group, respectively in the ranges of 2.59-3.65 and 1.00-
1.12 ppm.* The counter anion PFs~ resonated at —144 ppm in
the *'P NMR spectrum for [Ru]-1-[Ru]-8. The characteristic
isotopic pattern of ruthenium was observed with a significantly
intense base peak at [M]" for all the synthesized complexes [Ru]-
1-[Ru]-8.

Furthermore, to confirm the molecular identity of (n°p-
cymene)Ru(u)-pyridylamine complexes, we tried to obtain single
crystals using various methods, including the slow evaporation
of methanol-dichloromethane (1 :1) solution of the respective
complexes, but we were able to grow the crystals only for the

© 2024 The Author(s). Published by the Royal Society of Chemistry

complexes [Ru]-4, [Ru]-5, and [Ru]-8. The single crystal X-ray
diffraction studies inferred that the complexes [Ru]-4, [Ru]-5
and [Ru]-8, respectively crystallize in the triclinic (P1 space
group), monoclinic (P2,/c space group) and orthorhombic (Phca
space group) crystal systems. The solid-state structure clearly
demonstrates the pseudo-octahedral geometry for all the
complexes which is characteristic of half-sandwich arene-
ruthenium complexes. In typical piano-stool geometry around
the ruthenium metal center, the three legs are occupied by the
bis-chelating N-pyridylamine ligand coordinated to the ruthe-
nium metal center in a k*-bidentate fashion through pyridine
(Npy) and amine nitrogen (Namine), and the chloro ligand (-Cl)
while the arene ring is placed at the apex of the structure in a 5°
manner. The displacement of the (7%p-cymene) ring from the
ruthenium metal center for the synthesized complexes lies in
the range of 1.67-1.69 A. The Ru-N,, and Ru-Ngpine bond
distances are also in the range of 2.07-2.19 A and are compa-
rable to those for analogous N-pyridylamine arene-ruthenium
complexes.**** Ru-Cl bond distances are observed in the range
of 2.39-2.40 A. The Npy~RU-Nymine bond angles lie in the range
of 76.1-78.1°, while Np,~Ru-Cl and Nypine—Ru-Cl bond angles
are observed between 83.8-85.6° and 82.5-84.6°, respectively.
The bond angle between Np,/Nymine and ruthenium metal with
the centroid of the n®arene ring (C) is in the range of 129.2-
137.3° for complexes [Ru]-4, [Ru]-5 and [Ru]-8, which further
supports the piano-stool geometry of the (1°-p-cymene)Ru(m)-

RSC Sustainability, 2024, 2, 390-402 | 393
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C20

Fig.1 X-ray crystalstructures of complexes (a) [Rul-4, (b) [Ru]-5, and (c) [Ru]-8 with 30% ellipsoid probability. Counteranions (PF¢ ) and H atoms

(except for those on N) are omitted for the sake of clarity.

pyridylamine complexes (Fig. 1). The crystal refinement data
and some other important bond lengths and bond angles are
summarized in Tables S2-S4+ for the complexes [Ru]-4, [Ru]-5
and [Ru]-8.

Catalytic transformation of LA to GVL

At an outset, the catalytic activity of the synthesized (n°-p-cym-
ene)Ru(u)-pyridylamine complexes ([Ru]-1-[Ru]-8) for the
transformation of biomass derived LA to GVL was investigated
using formic acid as a hydrogen source along with triethylamine
as a base at 80 °C in water (Table 1).

Results inferred that (n°p-cymene)Ru(u)-pyridylmethyl
amine ([Ru]-1) exhibited only 14% conversion of LA to GVL with
80% selectivity for GVL and 20% for 4-hydroxypentanoic acid
(HPA) (Table 1, entry 1). A significantly enhanced conversion
(>99%) of LA selectively to GVL (yield 87%) with a TOF of 20 h™*

was achieved over the [Ru]-2 containing Nypine-n-propyl
substituted pyridyl methyl amine ligand in 2 h (Table 1, entry 2).
In contrast to [Ru]-2, the [Ru]-3 having Nypine-i-propyl
substituted pyridyl methyl amine displayed a very poor
conversion (TOF 2.4 h™') (Table 1, entry 3). Notably, enhance-
ment in the catalytic activity (75-95% conversion of LA, 77-97%
selectivity for GVL and a TOF of 15-19.4 h™") was observed while
performing the catalytic reaction over (n°-p-cymene)Ru(u)
complexes having other N-substituted pyridyl methyl amine
ligands ([Rul-4: Nymine-n-butyl; [Ru]-5: Namine-i-butyl; [Ru]-6:
Namine--pentyl; [Ru]-7: Nymine-i-pentyl; [Ru]-8: Numine-t-pentyl)
(Table 1, entries 4-8). In contrast to the high activity observed
for (n°p-cymene)Ru(u)-pyridylamine, the precursor [(n°-p-cym-
ene)RuCl,], ([Ru]-PC) exhibited almost negligible activity (Table
1, entry 9). The results show that the basicity of Nmine as well as
steric crowding played an important role in tuning the catalytic
activity of these (n°-p-cymene)Ru(u)-pyridylamine complexes.

Table 1 Optimization table for catalytic transformation of biomass derived LA to GVL in water®

o) Ru catalyst (2.5 mol%) OH
)]\/\H/OH HCOOH (6 equiv.) 0) o) M(OH
o Et;N (1 equiv.), T (°C), \<_/V/ +
LA t (h), water GVL 4-HPAC
T t

Entry Catalyst (°C) (h) Conv”. (%) Sel’. (%) GVL/HPA TOF (h™1)
1 [17°-p-cymene)RuCl(x*-pyNH,)]" [Ru]-1 80 2 14 80/20 2.8
2 [7°-p-cymene)RuCl(x*-pyNH"pr)]" [Ru]-2 80 2 >99 >99(87%)°/- 20

3 [17°-p-cymene)RuCl(x*-pyNH'pr)]" [Ru]-3 80 2 12 96/4 2.4
4 [7°-p-cymene)RuCl(x*-pyNH"bu)]" [Ru]-4 80 2 97 93/7 19.4
5 [17°-p-cymene)RuCl(x*-pyNH'bu)]" [Ru]-5 80 2 75 77/23 15
6 [7°-p-cymene)RuCl(x*-pyNH"pen)]" [Ru]-6 80 2 95 97/3 19
7 [1#°-p-cymene)RuCl(x*-pyNH'pen)]" [Ru]-7 80 2 93 92/8 18.6
8 [17°-p-cymene)RuCl(x*-pyNH’pen)]" [Ru]-8 80 2 95 95/5 19
9 [#%-p-cymene)RuCl,], [Ru]-PC 80 2 4 n.d. 0.8

“ Reaction conditions: Ru catalyst (2.5 mol%), LA (1 mmol), HCOOH (6 mmol), Et;N (1 mmol), and water (5 mL). > Conversion and selectivity
determined by "H NMR. ¢ Isolated yield, TOF - turnover frequency, and n.d. - not determined.
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The strong interaction of the NH, group with the solvent
molecule (H,0) in [Ru]-1 permanently retarded the availability
of the -NH group for the reaction, leading to lower activity.
Notably, the basicity of Nymine increases with increase in the
alkyl chain length or branching in the ligands.****~*> However,
with increase in the carbon chain length or branching the steric
hindrance at N,mine may also increase. For instance, in the case
of [Ru]-3 having the N,pine-i-propyl substituted pyridylmethyl
amine ligand, the methyl groups are placed closer to Namine,
which increased the steric crowding resulting in the lower
activity of [Ru]-3 as compared to [Ru]-2. Furthermore, the
increase in the N-substituted alkyl chain length or branching
causes increase in the steric crowding around the -NH group,
which is expected to play a crucial role in the observed trend in
the catalytic activity of [Ru]-4-|[Ru]-8 for LA to GVL trans-
formation (Fig. S11).***>*° From single crystal X-ray crystallog-
raphy, the Ru-Nypi,e bond length in [Ru]-4 (Py-NH"bu) is
shorter than that of [Ru]-5 (Py-NH'bu) and [Ru]-8 (Py-NH'pen).
Moreover, the Nymine—BC and N,pine—YC bond lengths in [Ru]-4,
[Ru]-5, and [Ru]-8 suggested more crowding around Npine for
[Ru}-5 (Namine-BC 2.540 A and Namine—yC 3.181 A) and [Ru]-8
(Namine—BC 2.521 A and Nymine—yC 3.048 A) as compared to [Ru]-
4 (Namine-BC 2.544 A and Nymine—yC 3.895 A). Also, it was re-
ported in the literature that when more electron rich substitu-
ents are attached to the metal center, transfer hydrogenation
using formic acid is facilitated.>® Hence, in accordance with
these reports and our findings, it is clear that the increased
basicity due to different steric and electronic properties of
different ligands attached to Nymine catalyzed the dehydroge-
nation of formic acid which in turn increased the rate of
hydrogenation of LA to GVL.

Further optimization of the reaction conditions to get the best
suited reaction conditions for LA to GVL was performed with
[Ru]-2. Though the reaction performed with 2.5 mol% catalyst
loading yields the best result with a TOF value of 20 h™", reac-
tions with lower catalyst loadings of 1 and 0.25 mol% were also
performed and we achieved 98 and 92% conversion of LA to GVL
in a longer duration (Table S57). The results showed that upon
performing the reaction at lower temperatures (below 80 °C),
lower conversion was observed and while increasing the reaction
temperature to 90 and 100 °C, the conversion of LA increased
(Table S6t). Over [Ru]-2, the estimated activation energy was
found to be 46.89 k] mol " (Fig. S21). The presence of a base is
crucial for the activation and deprotonation of HCOOH to form
formate that can coordinate to the metal centre and forms the
Ru-formato species, which is an important intermediate to
initiate the transfer hydrogenation reactions. Unlike other
inorganic bases, transfer hydrogenation is more facile with Et;N,
presumably due to its ability to facilitate the reversible proton
abstraction/release from HCOOH.** Therefore, change in the
base from Et;N to inorganic bases such as K;PO,, NaOH,
NaHCO; and HCOONa could not improve the conversion of LA
to GVL significantly, while in the absence of the base (Et;N)
reaction could not occur (Table S7t). The reaction performed for
various time intervals showed that the reaction proceeds via the
formation of 4-hydroxypentanoic acid (4-HPA) as an interme-
diate with continuous consumption of LA (Table S81 and Fig. 2).
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Fig.2 Time dependent reaction profile for catalytic transformation of
LA to GVL over the [Rul-2 catalyst. Reaction conditions: [Ru]-2
(2.5 mol%), LA (1 mmol), HCOOH (6 mmol), EtsN (1 mmol), water (5
mL), 80 °C, 0-2 h.

Furthermore, pH dependent "H NMR studies showed that
lower pH is favorable for the high selectivity of GVL. It was
observed that at pH 6.1, (HCOOH : Et;N - 6 : 1), 4-HPA which is the
hydrogenated form of LA, was observed. With the further decrease
in the pH to 4.7, 3.6, and 2.7, the intensity of peaks corresponding
to 4-HPA decreased, while those corresponding to GVL became
more prominent (Fig. 3 and Table S91). We observed complete
conversion of LA with complete selectivity for GVL in 2 h in the pH
range of 2.5-2.7. The identification of "H NMR peaks corre-
sponding to 4-HPA, further reinforced that the transformation of
LA to GVL proceeded through the intermediate 4-HPA.

To further investigate a plausible mechanistic pathway for the
transformation of LA to GVL over the [Ru]-2 catalyst, we per-
formed extensive mass studies to identify several intermediate
species involved during the course of reaction (Fig. 4). In a control
experiment, the [Ru]-2 catalyst was stirred for 5-10 min in water
where a prominent peak at m/z = 385.1 corresponding to the
species [(n°p-cymene)Ru(x*-PyNpr)]" ([Ru]-2A) having a vacant
coordination site on Ru was observed. We further noticed that the
formation of species [Ru]-2A was independent of the presence of
HCOOH and Et;N. In the subsequent step, the addition of 6 mmol
of HCOOH, 1 mmol of Et;N and 1 mmol of LA followed by stirring
at 60 °C for 30 minutes resulted in the appearance of new peaks at
mlz = 431.1 and m/z = 501.2 corresponding to the [(n°p-cymene)
Ru(x*-PyNHpr)(HCOO)]" ([Ru]2B) and [(n°p-cymene)Ru(xk>-
PyNHpr)(levulinate)]” ([Ru]-2C) coordinated species.

Based on extensive mass studies, we anticipated that the
generation of active catalytic species [Ru]-2A from [Ru]-2 is the
first step in the mechanistic cycle for the transformation of LA
to GVL. Furthermore, the addition of formic acid, Et;N, and LA
resulted in the formation of the Ru-formato ([Ru]-2B) and Ru-
levulinate ([Ru]-2C) species. The [Ru]-2B species then
undergoes decarboxylation to form the Ru-hydrido species
([Ru]-2D), which is responsible for the transfer hydrogenation of
LA to 4-HPA (identified as an intermediate during the catalytic
reaction, Fig. 2) and the product GVL was finally formed by
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Fig. 4 Ru-formato and Ru-levulinate species observed during mass investigation of the catalytic reaction aliquots.

dehydration and cyclization of 4-HPA (Scheme 3). Upon further
investigation, we noticed that the formation of the [Ru]-2C
species depends on the ratio of HCOOH : Et;N. Notably, mass
studies inferred that high intensity mass peaks of the [Ru]-2C
species appeared for a HCOOH : Et;N ratio of 3:1, while the
intensity of this species greatly reduced with a 6:1 ratio of
HCOOH : Et;N (Fig. S3t). Therefore, presumably the [Ru]-2C
species is not directly involved in the LA hydrogenation to GVL.

396 | RSC Sustainability, 2024, 2, 390-402

Catalyst recyclability and gram-Scale reaction for the
transformation of LA to GVL

Notably, the [Ru]-2 catalyst also displayed good recyclability for
five consecutive catalytic runs, where complete conversion was
achieved for the initial three cycles with some decline in the
conversion for the fourth and fifth catalytic runs to 82 and 74%,
respectively (Table S10 and Fig. S4t). We performed the ICP-AES

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis of the organic and aqueous phases of the reaction
mixture. The ICP-AES analysis of the organic portion inferred
aloss of 10-12 ppm Ru in each catalytic run, which may account
for the observed loss in catalytic activity during recyclability
experiments. Furthermore, the aqueous layer inferred a prom-
inent mass peak at m/z 385 (corresponding to [Ru]-2A) (Fig. S51),
suggesting the high stability of the catalyst under catalytic
reaction conditions. Advantageously, the studied -catalytic
system can be scaled up to the gram-scale transformation of LA
to GVL over the [Ru]-2 (0.025 mmol) catalyst to yield 95% GVL
(TON 380) with complete conversion of LA in 24 h at 80 °C
(Scheme 4).

Catalytic one-pot two step transformation of furfural (FAL) to
GVL

We also explored the catalytic one-pot transformation of
furfural (FAL) to GVL over the [Ru]-2 catalyst (Fig. 5a). For this,

o [Ru]-2 (0.025 mmol) o
)WOH HCOOH (60 mmol) \(_/\40
o Et;N (10 mmol)
80 °C, H,0,24 h

1.15 g, 10 mmol Yield 95%

Scheme 4 Gram scale catalytic transformation of LA to GVL over the
[Ru]-2 catalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry

to an aqueous suspension of [Ru]-2 (2.5 mol% in 5 mL water) in
a graduated 10 mL test tube, 1 mmol FAL was added and heated
at 80 °C in an oil bath for 12 h in the presence of 12 equivalents
of formic acid. FAL is first hydrogenated to furfuryl alcohol (FA)
and then acid catalyzed ring opening of FA resulted in the
formation of LA, which is further confirmed by the "H NMR
analysis of the reaction aliquot (Fig. 5b). HCOOH served as both
a hydrogenating agent and an acid source during the progress
of reaction. To the same reaction vessel, 4 equiv. of HCOOH and
1 equiv. of Et;N were further added and the reaction mixture
was allowed to stir at 80 °C for 4 h. "H NMR analysis confirmed
the formation of GVL as the product. Thus, we achieved
complete conversion of FAL with 100% selectivity for GVL (yield
47%). The observed lower yield of GVL can be attributed to the
poor stability of FAL in aqueous medium. These results
demonstrated that the [Ru]-2 catalyst can be used for the
production of GVL from the biomass platform chemical FAL
with the aid of HCOOH in one pot without any need for the
isolation of LA.

Therefore, our findings inferred that the [Ru]-2 catalyst
demonstrated high catalytic activity for the complete and
selective transformation of LA to GVL in water under much
milder reaction conditions (80 °C) using HCOOH as a H,
source, as compared to previously reported Ru based catalytic
systems (Table S17). For instance, the literature revealed the use
of Ru-phosphine-based catalysts that are active only at high H,
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Fig. 5 (a) Schematic representation and (b) time-dependent *H NMR (in D,O) of one pot-two step catalytic transformation of FAL to GVL over
the [Rul-2 catalyst. Reaction conditions: FAL (1 mmol), [Rul-2 (2.5 mol%), HCOOH (12 mmol), H,O (5 mL), 80 °C, and 12 h, and after 12 h EtzN (1
mmol) and HCOOH (4 mmol) were added, and the reaction continued for another 4 h.

pressure (as high as 100 bar)*”?*° and high reaction temperature
(as high as 160 °C) to achieve the hydrogenation of LA to GVL
(Table S1t). Advantageously, we could achieve one-pot trans-
formation of furfural to GVL over the [Ru]-2 catalyst, which
clearly demonstrated the advancement of our catalytic system
for future applications.

Conclusions

We demonstrated herein a series of (n°p-cymene)Ru(m)-pyr-
idylamine based complexes for the efficient catalytic trans-
formation of biomass-derived LA to GVL in water using formic
acid at 80 °C. The water soluble (n°-p-cymene)Ru(u)-pyridyl-
amine complexes with varying substituents at Numnine were
synthesized and their molecular structure was established
using various characterization techniques including NMR,
mass spectrometry and single crystal X-ray diffraction. The
substituents at Numine Of the pyridyl methyl amine ligands
exerted a significant effect on the catalytic activity by tuning the
steric crowding and the basicity at Nymine. Among the studied

complexes, [(n°-p-cymene)RuCl(k*-pyNH"pr)]* ([Ru]-2)

398 | RSC Sustainability, 2024, 2, 390-402

outperformed with complete conversion of LA selectively to GVL
(87% yield) at 80 °C in 2 h. Detailed mass investigations and
control experiments provided a detailed mechanistic insight by
revealing the possible involvement of [Ru]-2A and [Ru]-2B (Ru-
formato) species in the process of LA hydrogenation, where
the ratio of HCOOH : Et;N was found to be crucial to generate
the Ru-formato ([Ru]-2B) and subsequently the Ru-hydrido
([Ru]-2D) species to facilitate the transformation of LA to GVL
in water. Furthermore, time dependent studies revealed that 4-
hydroxypentanoic acid (4-HPA) is formed as an intermediate
during the catalytic transformation of LA to GVL. [Ru]-2 also
exhibited high recyclability up to 4 cycles for LA to GVL trans-
formation. Moreover, the developed methodology was also
scaled up to gram-scale transformation of LA to GVL, high-
lighting the practical application of the system.

Experimental section
Synthesis of complexes [Ru]-1-[Ru]-8

Complexes [Ru]-1-[Ru]-4 and [Ru]-7 are known in the literature
and synthesized by our previously reported procedures.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Complexes [Ru]-5, [Ru]-6 and [Ru]-8 are not known and synthe-
sized using our previously reported procedures.* Typically, for
the synthesis of [Ru]-1-[Ru]-8 complexes, [(n°p-cymene)RuCl,],
was suspended in acetonitrile (25 mL), stirred for 30 min at room
temperature, and N-pyridylamine ligands (L1-L8) were added.
After stirring the reaction mixture for 17 h at room temperature,
NH,PF¢ (3 equiv.) was added, and the solution was stirred for
another 4 h at room temperature. Then, the solvent was removed
under vacuum and the obtained residue was dissolved in
a minimum amount of dichloromethane, filtered to remove
unreacted NH,PF salt, and an excess of diethyl ether was poured
into the above filtered solution to precipitate out the desired
complexes as yellow solids. Precipitates were washed with diethyl
ether (3 x 10 mL) and dried in air. Single crystals of [Ru]-4, [Ru]-5
and [Ru]-8 were obtained by diffusion of diethyl ether into
methanolic solution of respective complexes. The CCDC depo-
sition numbers of the complexes [Rul-4, [Ru]-5, and [Ru]-8 are
1971292, 1971295 and 1971294, respectively.

Synthesis of [(1°-p-cymene)RuCl(«x>-pyNH,)|PF; ([Ru]-1)

Complex [Ru]-1 was synthesized by stirring 2-(aminomethyl)-
pyridine (L1) (0.083 g, 0.8 mmol) and [(n°p-cymene)RuCl,],
(0.153 g, 0.25 mmol) in acetonitrile (25 mL) at room tempera-
ture. NH,PFs (0.244 g, 1.5 mmol) was added and stirred for
another 4 h. Yellow-brown solid, yield 0.165 g (63%). "H NMR
(400 MHz, DMSO-dy): 6 (ppm) 9.11 (d, 1H, J = 4.00 Hz), 7.96 (t,
1H, J = 8.00 Hz), 7.53 (t, 1H, J = 8.00 Hz), 7.51 (d, 1H, J = 4.00
Hz), 5.91 (d, 1H, J = 8.00 Hz), 5.85 (d, 1H, J = 8.00 Hz), 5.72 (d,
1H, J = 8.00 Hz), 5.66 (d, 1H, ] = 8 Hz), 4.45-4.39 (m, 1H), 4.21-
4.07 (m, 1H), 2.74-2.66 (m, 1H), 1.95 (s, 3H), 1.11 (d, 6H, J = 4
Hz). *C NMR (100 MHz, DMSO-d): 6 (ppm) 161.88, 155.19,
139.78, 125.51, 121.79, 103.69, 98.66, 85.47, 83.71, 82.92, 82.35,
52.68, 30.87, 22.97, 22.07, 18.28. *'P NMR (161.97 MHz, DMSO-
de): 6 (ppm) —144.19 (sep, PFs). MS (ESI): m/z calculated:
379.0150 [M]", found: [M]379.0776.

Synthesis of [(7°-p-cymene)RuCl(«x>-pyNH"pr)|PF, ([Ru]-2)

Complex [Ru]2 was synthesized by stirring N-(pyridine-2-
ylmethyl)-propan-1-amine (L2) (0.083 g, 0.55 mmol) and [(n°p-
cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile (25 mL).
NH,PF, (0.244 g, 1.5 mmol) was added and stirred for another 4 h.
Pale yellow solid, yield 0.255 g (90%). "H NMR (400 MHz, DMSO-
de): 6 (ppm) 9.03 (d, 1H, J = 4.00 Hz), 8.02-7.98 (t, 1H, ] = 8.00 Hz),
7.62-7.60 (d, 1H, J = 8 Hz), 7.58-7.54 (t, 1H, ] = 8 Hz), 5.88-5.85 (t,
2H, J; = 4 Hz, J, = 8 Hz), 5.83-5.82 (d, 1H, J = 4 Hz), 5.75-5.73 (d,
1H, J = 8 Hz), 4.35-4.18 (m, 2H), 3.43-3.40 (m, 1H), 3.29-3.27 (m,
1H), 2.62-2.56 (m, 1H), 1.90 (s, 3H), 1.74-1.64 (m, 2H), 1.09-1.04
(m, 6H), 0.98-0.94 (t, 3H, J = 8 Hz). **C NMR (100 MHz, DMSO-dj):
4 (ppm) 159.45, 154.88, 139.22, 125.13, 121.62, 105.14, 96.20, 85.54,
83.85, 82.45, 81.60, 61.12, 59.00, 30.53, 22.15, 21.40, 21.13, 17.40,
11.25. *'P NMR (161.97 MHz, DMSO-dg): 6 (ppm) —144.42 (sep,
PF). MS (ESI): m/z calculated: 421.0981 [M]', found: 421.0976 [M]".

Synthesis of [(n°-p-cymene)RuCl(«*-pyNH'pr)]PF, ([Ru]-3)

Complex [Ru]-3 was synthesized by stirring N-(pyridine-2-
ylmethyl)-propan-2-amine (L3) (0.083 g, 0.55 mmol) and [(n°p-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile (25 mL).
NH,4PF, (0.244 g, 1.5 mmol) was added and stirred for another
4 h. pale yellow solid, yield 0.179 g (63%). "H NMR (400 MHz,
DMSO-d): 6 (ppm) 9.00 (d, 1H, J = 4.00 Hz), 8.02-7.98 (t, 1H, ] =
8.00 Hz), 7.65 (d, 1H, J = 8.00 Hz), 7.58-7.55 (t, 1H, J; = 8.00 Hz,
J»=4.00 Hz), 5.91 (d, 1H, J = 4.00 Hz), 5.82 (s, 2H), 5.71 (d, 1H, J
= 4.00 Hz), 4.32-4.20 (m, 2H), 3.85-3.82 (m, 1H), 2.11-2.07 (m,
1H), 1.98 (s, 3H), 1.38 (d, 3H, J = 4.00 Hz), 1.31 (d, 3H, J = 4.00
Hz), 1.09 (d, 3H, J = 8.00 Hz), 1.00 (d, 3H, J = 8.00 Hz). *C NMR
(100 MHz, DMSO-dg): ¢ (ppm) 159.57, 154.86, 139.17, 125.09,
121.79, 105.28, 96.58, 86.19, 84.92, 82.41, 80.38, 58.60, 56.18,
30.45, 23.42, 21.75, 21.64, 20.26, 17.38. >'P NMR (161.97 MHz,
DMSO-dg): 6 (ppm) —144.19 (sep, PF¢). MS (ESI): m/z calculated:
421.0981 [M]", found: 421.0977 [M]".

Synthesis of [(1°-p-cymene)RuCl(«x>-pyNH"bu)]PF¢ ([Ru]-4)

Complex [Ru]-4 was synthesized by stirring N-(pyridin-2-
ylmethyl)-butan-1-amine (L4) (0.090 g, 0.55 mmol) and [(7°p-
cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile (25 mL).
NH,PF (0.244 g, 1.5 mmol) was added and stirred for another
4 h. pale yellow solid, yield 0.263 g (91%). '"H NMR (400 MHz,
DMSO-dg): 6 (ppm) 9.03-9.01 (d, 1H, / = 8 Hz), 8.02-7.98 (t, 1H, J
=8 Hz), 7.62-7.60 (d, 1H,J = 8 Hz), 7.58-7.55 (t, 1H, J; = 8 Hz, ],
= 4 Hz), 5.88-5.86 (d, 2H, ] = 8 Hz), 5.83-5.81 (d, 1H, ] = 8 Hz),
5.75-5.73 (d, 1H, J = 8 Hz), 4.35-4.18 (m, 2H), 3.46-3.44 (m, 2H),
2.60-2.55 (m, 1H), 1.89 (s, 3H), 1.69-1.63 (m, 2H), 1.39 (m, 2H),
1.09-1.05 (t, 6H, J = 8 Hz), 0.95-0.92 (t, 3H, J; = 8 Hz, ], = 4
Hz).). *C NMR (100 MHz, DMSO-dg): 6 (ppm) 159.43, 154.87,
139.21, 125.13, 121.62, 105.25, 95.96, 85.71, 83.84, 82.41, 81.57,
61.22, 57.00, 30.55, 30.12, 22.14, 21.09, 19.62, 17.35, 13.79. 'P
NMR (161.97 MHz, DMSO-d,): 6 (ppm) —144.20 (sep, PF;). MS
(ESI): m/z calculated: 435.1138 [M]", found: 435.1112 [M]".

Synthesis of [(n°-p-cymene)RuCl(k*-pyNH'bu)]PF, ([Ru]-5)

Complex [Ru]-5 was synthesized by stirring 2-methyl-N-
(pyridine-2-ylmethyl)-propan-1-amine (L5) (0.090 g, 0.55 mmol)
and [(n°-p-cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile
(25 mL). NH,PF, (0.244 g, 1.5 mmol) was added and stirred for
another 4 h. Pale yellow solid, yield 0.168 g (58%). "H NMR (400
MHz, methanol-d,): 6 (ppm) 8.95-8.93 (d, 1H, J = 8 Hz), 7.95-
7.91 (t, 1H, J = 8 Hz), 7.51-7.45 (m, 2H), 5.79-5.75 (t, 2H, ] = 8
Hz), 5.68-5.66 (d, 1H,J = 8 Hz), 5.59-5.58 (d, 1H, J = 4 Hz), 4.40-
4.35 (dd, 1H, J = 4 Hz), 4.25-4.18 (t, 1H, J, = 12 Hz, ], = 16 Hz),
3.38-3.28 (m, 2H), 2.66-2.56 (m, 1H), 2.18-2.11 (m, 1H), 1.97 (s,
3H), 1.13-1.08 (m, 6H), 0.99-0.97 (m, 6H). **C NMR (100 MHz,
methanol-d,): 6 (ppm) 160.45, 159.19, 140.63, 126.78, 123.08,
107.73, 98.44, 87.19, 85.30, 84.02, 83.12, 66.92, 62.37, 32.49,
27.94, 22.85, 21.62, 20.96, 20.15, 18.18. *'P NMR (161.97 MHz,
methanol-d,): 6 (ppm) —144.58 (sep, PFs). MS (ESI): m/z calcu-
lated: 435.1138 [M]", found: 435.1141 [M]".

Synthesis of [(n°-p-cymene)RuCl(k>-pyNH"pen)]PF; ([Ru]-6)

Complex [Ru]-6 was synthesized by stirring N-(pyridine-2-
ylmethyl)-pentan-1-amine (L6) (0.098 g, 0.55 mmol) and [(n%p-
cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile (25 mL).
NH,4PF, (0.244 g, 1.5 mmol) was added and stirred for another
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4 h. Pale yellow solid, yield 0.241 g (81%). "H NMR (400 MHz,
DMSO-dq): 6 (ppm) 9.03-9.01 (d, 1H, J = 8 Hz), 8.02-7.98 (t, 1H, J
= 8 Hz), 7.62-7.60 (d, 1H, J = 8 Hz), 7.58-7.54 (t, 1H, ] = 8 Hz),
5.88-5.86 (d, 2H,J = 8 Hz), 5.83-5.81 (d, 1H, J = 8 Hz), 5.74-5.73
(d, 1H,/ = 4 Hz), 4.35-4.18 (m, 2H), 3.45-3.41 (m, 2H), 2.62-2.57
(m, 1H), 1.89 (s, 3H), 1.69-1.64 (m, 2H), 1.35-1.30 (m, 4H), 1.09-
1.05 (t, 6H, J = 8 Hz), 0.90 (t, 3H). **C NMR (100 MHz, DMSO-d,):
6 (ppm) 159.45, 154.87, 139.20, 125.12, 121.62, 105.21, 95.96,
85.71, 83.84, 82.43, 81.57, 61.19, 57.24, 30.55, 28.53, 27.75,
22.14, 21.96, 21.10, 17.35, 13.89. *'P NMR (161.97 MHz, DMSO-
de¢): 0 (ppm) —144.18 (sep, PF¢). MS (ESI): m/z calculated:
449.1294 [M]", found: 449.1266 [M]".

Synthesis of [(n°-p-cymene)RuCl(«*-pyNH’pen)]PF, ([Ru]-7)

Complex [Ru]-7 was synthesized by stirring 3-methyl-N-
(pyridine-2-ylmethyl)-butan-1-amine (L7) (0.098 g, 0.75 mmol)
and [(n°p-cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile
(25 mL). NH,PF (0.244 g, 1.5 mmol) was added and stirred for
another 4 h. Pale yellow solid, yield 0.187 g (63%). "H NMR (400
MHz, DMSO-dy): 6 (ppm) 9.02-9.01 (d, 1H, J = 4 Hz), 8.00-7.98
(t, 1H, J = 8 Hz), 7.62-7.50 (m, 2H), 5.88 (m, 2H), 5.83-5.81 (d,
1H, J = 8 Hz), 5.74-5.73 (d, 1H, J = 4 Hz), 4.36-4.20 (m, 2H),
3.48-3.47 (m, 2H), 2.65-2.58 (m, 1H), 1.88 (s, 3H), 1.70-1.55 (m,
3H), 1.10-1.08 (t, 6H, ] = 8 Hz), 0.94-0.92 (t, 6H, J = 8 Hz). **C
NMR (100 MHz, DMSO-ds): 6 (ppm) 159.40, 154.84, 139.20,
125.13, 121.63, 105.34, 95.78, 85.86, 83.81, 82.37, 81.61, 61.31,
55.67, 36.78, 30.58, 25.60, 22.57, 22.36, 22.17, 21.02, 17.30. 3'p
NMR (161.97 MHz, DMSO-d¢): 6 (ppm) —144.08 (sep, PFs). MS
(ESI): m/z calculated: 449.1294 [M]", found: 449.1294 [M]".

Synthesis of [(n°-p-cymene)RuCl(x>-pyNH"pen)]PF; ([Ru]-8)

Complex [Ru]-8 was synthesized by stirring 2-methyl-N-
(pyridine-2-ylmethyl)-butan-2-amine (L8) (0.098 g, 0.75 mmol)
and [(n°®-p-cymene)RuCl,], (0.153 g, 0.25 mmol) in acetonitrile
(25 mL). NH,PF, (0.244 g, 1.5 mmol) was added and stirred for
another 4 h. Pale yellow solid, yield 0.258 g (86%). "H NMR (400
MHz, DMSO-dg): 6 (ppm) 9.03-9.02 (d, 1H, J = 4 Hz), 8.77-8.66
(d, 1H, J, = 40 Hz, ], = 4 Hz), 8.02-8.00 (t, 1H, 8 Hz), 7.65-7.55
(m, 1H), 6.01-5.90 (m, 4H), 4.35-4.29 (m, 2H), 3.65-3.57 (m,
1H), 1.92 (s, 3H), 1.72-1.65 (m, 2H), 1.36-1.30 (d, 6H, ] = 24 Hz),
1.06-1.00 (dd, 6H, J = 4 Hz), 0.90-0.86 (t, 3H, ] = 8 Hz). "*C NMR
(100 MHz, DMSO-dy): 6 (ppm) 159.50, 155.02, 139.23, 125.12,
122.08, 105.40, 96.41, 85.69, 84.55, 82.52, 79.79, 60.70, 55.40,
32.53, 30.53, 24.75, 24.57, 21.88, 17.18, 8.66. *'P NMR (161.97
MHz, DMSO-ds): 6 (ppm) —144.20 (sep, PFg). MS (ESI): m/z
calculated: 449.1294 [M]", found: 449.1232 [M]".

General procedure for the catalytic transformation of LA to
GVL in water

All the reactions were performed in a 10 mL graduated reac-
tion test tube using water as solvent. Typically for the catalytic
reaction, 1.0 mmol of LA, 6 mmol of HCOOH, and 1 mmol of
Et;N were added to an aqueous suspension of the catalyst
(2.5 mol% in 5 mL water). The reaction test tube was fitted to
a condenser, and the reaction mixture was stirred at 80 °C in
an oil bath for a specified time. All the catalytic reactions were
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performed using formic acid as the source of hydrogen
without using any external hydrogen gas pressure. After reac-
tion completion, the reaction mixture was extracted with
diethyl ether (12 x 10 mL) and then acidified with 1 M HCI
solution till pH 1. Then it was again extracted with ethyl
acetate (6 x 10 mL). The combined organic portions were
dried under reduced pressure. Conversion and selectivity were
determined by "H NMR.

Control experiments for mechanistic study

The [Ru]-2 (0.025 mmol) catalyst was dissolved in 2.5 mL of
water and stirred for 5-10 minutes, and the analysis of the
reaction aliquot by mass spectrometry revealed the formation of
[Ru]-A after dissociation of one Cl. Furthermore, the addition of
LA (1 mmol), EtzN (1 mmol) and HCOOH (6 mmol) followed by
stirring for 30 min at 60 °C and the subsequent analysis of the
reaction aliquot by mass spectrometry inferred the presence of
the Ru-formato ([Ru]-B) and Ru-levulinate ([Ru]-C) species.
Reaction aliquots were taken out at definite time intervals and
analyzed by mass spectrometry to detect the active catalytic
species involved in the transformation of LA to GVL. The pH
dependent studies were carried out by varying the ratios of
HCOOH : Et;N to obtain a specific pH and the reaction aliquots
were analyzed by "H NMR to know the presence of intermedi-
ates involved in the transformation of LA to GVL every 30
minutes.

General procedure for the catalytic one-pot two-step
transformation of FAL to GVL in water

To an aqueous suspension of the catalyst (2.5 mol% in 5 mL
water) in a 10 mL graduated reaction test tube fitted with
a condenser, 1.0 mmol of FAL and 12 mmol of HCOOH were
added and the reaction mixture was stirred at 80 °C for a spec-
ified time in an oil bath. Reaction progress was monitored by
TLC and after complete conversion of FAL, 4 mmol of formic
acid and 1 mmol of triethylamine were added to the same
reaction vessel and the reaction mixture was continued to stir at
80 °C for another 4 h until complete conversion of LA to GVL
was achieved.

Gram-scale and recyclability experiments

For the catalytic gram-scale reaction, to an aqueous suspension
of [Ru]-2 catalyst (2.5 mol% in 5 mL water), 10 mmol (1.15 g) of
LA, 60 mmol of HCOOH, and 10 mmol of Et;N were added, and
the reaction mixture was stirred for 24 h at 80 °C in an oil bath
to achieve complete conversion of LA. For the recyclability
experiment, to an aqueous suspension of the catalyst (2.5 mol%
in 5 mL water), 1.0 mmol of LA, 6 mmol of HCOOH and 1 mmol
of Et;N were added and the reaction mixture was stirred at 80 °C
in an oil bath for a specified time. After each run, the reaction
mixture was extracted with diethyl ether and ethyl acetate, while
the catalyst remains in the aqueous phase. Before performing
the consecutive run, the required amount of HCOOH and Et;N
was added to adjust pH to 2.7 and then the hydrogenation
reaction of LA was carried out.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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