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The developed bifunctional NNN—Ru complex features a high
catalytic efficiency for the selective production of hydrogen and
glycolic acid from ethylene glycol under mild reaction conditions,
where a TON of 6395 was achieved. Tuning the reaction conditions
afforded further dehydrogenation of the organic substrate with
higher hydrogen production, and a higher TON of 25225 was
attained. The scale-up reaction yielded 1230 mL of pure hydrogen
gas under the optimized reaction conditions. The role of the
bifunctional catalyst was studied and mechanistic investigations
were performed.

Sustainable hydrogen fuel production is encountered as a criti-
cal development to achieve a superior alternative to conven-
tional fossil-based fuel owing to its high energy density and
environmentally friendly properties.”” Over the past decades,
rapid expansion in the utilization and upgrading of renewable
biomass to sustainable fuel and commodity chemicals has
gained significant interest.* In this context, ethylene glycol
(EG), owing to its properties, such as low cost, high potential
for commercialization, a hydrogen storage capacity of 6.5 wt%,
carbon neutral, and wide accessibility, makes it feasible to be
utilized as a new substituent for energy material.* Apart from
the traditional methods for producing ethylene glycol from
ethylene oxide and syngas, technologies from biomass-derived
feedstocks and industrial waste (e.g. glycerol and cellulose)
becoming increasingly important.”> Therefore, in the light of
hydrogen economy, the utilization of this bio-derived feed-
stock for the extensive production of hydrogen and value-
added chemicals by partial or complete oxidation via an accep-
torless dehydrogenation pathway is eminently beneficial for a
decarbonized sustainable future.*’
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A switchable route for selective transformation of
ethylene glycol to hydrogen and glycolic acid
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Although the utilization of ethylene glycol for the synthesis
of several value-added chemicals, such as acids,®** amides,"?
polyethyleneimine,'® oligoester,"*"® and N-heteroarenes'® by
dehydrogenative coupling has grown as a potential method-
ology for upgrading this feedstock nonetheless to maximize its
utility, reforming ethylene glycol to produce hydrogen is of
great concern.'”"'®

Various attempts have been devoted on heterogeneous cata-
lysts for the transformation of ethylene glycol for hydrogen
production, either through high-temperature steam reforming
or via aqueous phase reforming (APR) over supported metal
catalysts'®>* or metalfree graphene-based catalysts.>*
However, many of these strategies operate at high reaction
temperatures, requiring complex reaction setups, and a loss of
selectivity is observed. Considering the harsh reaction con-
ditions in heterogeneous systems, the current research interest
has uncovered some homogeneous catalyst systems for the
selective transformation of ethylene glycol to glycolic acid,
where pure hydrogen gas was formed as the by-product via the
acceptorless dehydrogenation process. Glycolic acid is a value-
added product that has numerous industrial applications,
including textiles, metal cleaning, adhesives, health-care pro-
ducts, leather processing, and especially biodegradable
materials.”®

Cole-Hamilton pioneered a Ru-based [RuH,(N,)(PPh;);]
molecular catalyst for the generation of hydrogen from alco-
holic substrates, including ethylene glycol with a TOF of
>1000 h™'.>® Notably, Zhang’s group investigated catalysts
based on Ir, and Rh for reforming ethylene glycol and achieved
81% glycolic acid at 100 °C after 10 h.*’ Milstein’s group
reported glycolic acid synthesis from ethylene glycol by
employing a Ru pincer system yielded 93% after 48 h.”
Recently, Maji and co-workers employed the Mn-MACHO
complex for glycolic acid production at 140 °C with a TON of
2400 (Scheme 1a).>® Even though some notable progress has
been made in the reforming of ethylene glycol concerning the
upgradation of biomass to hydrogen and value-added pro-
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Scheme 1 (a) Reforming of ethylene glycol by various heterogeneous
and homogeneous catalysts. (b) This work.

ducts, the current scenario still requires efficient catalysts for
achieving sustainable development.

In our previous report, the catalytic performance of
complex 1 (Scheme 1b) was explored for the generation of
hydrogen from biomass-derived sorbitol, where the mechanis-
tic studies revealed the fine-tuning of ligand architecture had a
pivotal influence on the catalytic activity and facilitated the
cooperative mechanism.*® To bring the development forward
to the path of being put into effort here, we attempt to
produce selectively green hydrogen from ethylene glycol under
two different operating conditions. The first optimized strategy
operates under relatively mild reaction conditions, leading to
the selective production of glycolic acid with the evolution of
pure hydrogen at a high initial rate. Meanwhile, under the
second developed strategy, the selectivity for the production of
more equivalent hydrogen gas from ethylene glycol was
increased due to further dehydrogenation of glycolic acid,
which has not been reported for the homogeneous catalyst
system till now.

To develop the desired methodology for green hydrogen
production from biomass-derived ethylene glycol, the initial
studies include optimization of various reaction parameters
such as a catalyst, base, solvent, temperature, and reaction
time. To our delight, under the initial operating conditions
(EG (2.503 mmol), 1 (1 mol%), KOH (6.25 mmol), in ‘BuOH
(1 mL) at 100 °C for 2 h), 118 mL of the gas volume was
obtained (Table 1, entry 1). Monitoring the progress of the
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Table 1 Optimization of reaction conditions for ethylene glycol
reforming

23\ A\
c1,C2 @" ~~_-OH @) )CL/QH + (!
Ha te products KOH, 140°C,12 h o KOH, 100°C,2h KO H
Conv.! GA® H,inmL
Entry  Catalyst Solvent (%) (%) (equiv.”)
1 1 ‘BuOH 100 94 118 (2.1)
2! 1 ‘AmOH 91 90 100 (1.78)
3 1 THF — 10 (0.18)
4 1 ‘BuOH : H,0 81 80 90 (1.6)
5 — ‘BuOH 0 0 0
6 RuCl,(PPh;);  ‘BuOH 15 5 1 (0.37)
7' 2 ‘BuOH 40 29 0 (0.89)
8? 1 ‘BuOH 59 49 75 (1.33)
L | ‘BuOH 28 3 5(0.62)
104 1 ‘BuOH 65 59 78 (1.39)
14 1 ‘BuOH 100 70 130 (2.31)
129 1 Diglyme — 52.7 146 (2.59)
1390 q Diglyme — 0 180 (3.2)
144l Diglyme: H,0 — 25 152 (2.7)
157 1 ‘BuOH 82 81 96 (1.71)

Reaction condition: ethylene glycol (2.503 mmol), KOH (6.25 mmol),
catalyst (1 mol%) solvent (1 mL) at 100 °C for 2 h. “KOH
(3.75 mmol). ? KOH (1.25 mmol). €90 °C. ¢140 °C. ©12 h.”In the pres-
ence of Hg (100 mol%). & Conversion and yield were calculated by 'H
NMR using 2,6-lutidine as an internal standard. In diglyme and in
THF solvent, the conversion of ethylene glycol was not identifiable.

"See Table S1t for equlvalent calculation of hydrogen and carbon
balance of reaction. ‘ Experiments were repeated three times, and the
average results were reported with an error limit of 5%.

reaction by measuring the gas volume generated during the
catalysis revealed that the rate of the initial reaction was high,
at an initial TOF of 469 h™" (Fig. S21). From the NMR analysis
of the reaction mixture, the glycolic acid yield was found to be
94% with high selectivity after the complete conversion of
ethylene glycol indicating efficient balancing of the total
carbon atom (Fig. S19 and S20%). The purity of the evolved gas
was evaluated by gas chromatography analysis (Fig. S16%) as
well as by the chemical technique (utilizing the evolved gas for
Pd/C catalyzed hydrogenation of styrene to ethylbenzene
(section 10, Fig. S12%)). Further, the role of various solvents
was screened under the mentioned conditions. However, the
conversion efficiencies in protic solvents such as ‘BuOH,
‘AmOH, and mixtures of ‘BuOH and H,O were found to be
impressive (entries 1, 2, 4 vs. 3) which indicates a protic
solvent may assist the reaction pathway during the reforming
of ethylene glycol.>’*> A similar reaction was also performed
in the absence of catalyst 1, resulting in no formation of gas or
glycolic acid, indicating the role of the catalyst (entry 5,
Fig. S21 and S22%). Meanwhile, under optimized conditions
(EG (2.503 mmol), KOH (6.25 mmol), in ‘BuOH at 100 °C for
2 h), the activity of the metal precursor (RuCl,(PPhj;);) was
found to be insignificant with only 15% ethylene glycol conver-
sion with 21 mL of pure hydrogen, indicating the role of
ligand during the reaction (entry 6, Fig. S25, S26, and S16B-
ct). Compared to the catalytic efficiencies of complex 1,
complex 2 (see Fig. S1 in ESIt) was proven to have lower cata-
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lytic activity, highlighting the dual influence of the ~-OH group
at the ortho position of the pyridyl arm compared to the only
electronic influence of the -OMe group (entry 1 vs. 7, S16B-
b'{‘).33'34

Furthermore, the crucial role of the substrate-to-base ratio
was depicted, where a reduced amount of glycolic acid (49%
and 3%) and 75 ml and 35 ml H, gas were obtained by lower-
ing the base loading to 1.5 and 0.5 equivalents, respectively
(entries 8 and 9). Also, on decreasing the temperature to 90 °C
under optimized conditions, the conversion of ethylene glycol
and yield of glycolic acid reduced to 65% and 59%, respectively
with an evolution of 78 mL of hydrogen gas volume (entry 10).
Surprisingly, under similar conditions at 140 °C, 130 mL of
gas volume was evolved, with decreased glycolic acid selecti-
vity, indicating a higher temperature is beneficial to get a
higher gas volume (entry 11). Furthermore, when the reaction
was investigated in high boiling diglyme solvent at 140 °C for
2 h, 52.7% of glycolic acid was obtained with 146 mL (more
than 2 equivalents) of gas volume after passing through a
double alkali solution (entry 12). The purity of the gas was also
analyzed by chemical technique (Fig. S147). Indeed, monitor-
ing the reaction time after 12 h, 180 mL of hydrogen gas was
obtained with the complete transformation of glycolic acid
(entry 13, Fig. S16c, S23 and S24f), whereas in the
diglyme : H,O (9:1) mixture under optimised conditions (EG
(2.503 mmol), KOH (6.25 mmol) at 140 °C for 12 h) 152 mL of
gas volume resulted with 25% of glycolic acid remaining in the
reaction (entry 14). The lower yield of glycolic acid is owing to
its subsequent dehydrogenation to H, and other C1, and C2
products (oxalate, formate, and CO,) in the presence of catalyst
1, and thus resulted in a significant drop in a carbon depic-
tion.”” Additionally, when catalyst 1 was subjected to the
mercury drop experiment under optimized conditions for gly-
colic acid production, no significant decrease in catalytic
efficiency of 1 was observed, indicating the homogeneity of the
reaction medium (entry 15, section 9, Fig. S117).

Further, the effect of catalyst loading was demonstrated
under both optimized conditions. A reduced yield of glycolic
acid was obtained by lowering the substrate-to-catalyst ratio
under the initial optimized conditions (EG (2.503 mmol), KOH
(6.25 mmol) in ‘BuOH at 100 °C, 2 h). Particularly, with
0.5 mol% and 0.1 mol% of catalyst 1 loading, 57 mL and
41 mL of hydrogen gas were collected (Table 2, entries 2 and
3), respectively. Pleasingly, with 0.01 mol% catalyst loading, a
TON of 6395 was achieved in ‘BuOH after 2 h with a gas
volume of 36 mL and with only 33% EG conversion (entry 4).
Meanwhile, under the second optimized conditions in
diglyme at 140 °C after 12 h an even higher TON of 25 225 was
obtained with 142 mL of gas evolution on decreasing catalyst
loading to 0.01 mol% (entry 5). Encouraged by the catalytic
efficiency of complex 1, the reaction was scaled up to
25.03 mmol of EG with 0.05 mol% of catalyst loading in
diglyme at 140 °C and 1.23 L of pure hydrogen gas was col-
lected after a period of 48 h with a glycolic acid yield of 80%
(entry 6, section 5, Fig. S33, S34, and S35 in ESIf). For com-
mercialization, solvent-free reforming of ethylene glycol is

This journal is © The Royal Society of Chemistry 2023
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Table 2 Optimization for substrate-to-catalyst ratio

Entry  Cat. loading Conv.%  GA% H,inmL  TON‘®
1/ 1 100 94 118 210

2 0.5 51 23 57 203
3/ 0.1 35 12 11 728

4 0.01 33.5 9 36 6395
5%f 0.01 — 62 142 25225
6” 0.05 — 86.6 (80)* 1230 4370
7¢ 0.05 94 82 1400 4974

Reaction conditions: ethylene glycol (2.503 mmol), KOH (2.5
equivalent w.r.t. ethylene glycol), at 100 °C. “In diglyme at 140 °C.
?25.03 mmol in diglyme for 48 h at 140 °C. ©25.03 mmol in neat con-
dition at 140 °C over 96 h. ¢ After acid workup free glycolic acid. ° TON
and TOF were calculated on the basis of the mmol of hydrogen gas
}Jroduced during the reaction. See the ESIf for the TON calculation.

Experiments were repeated three times, and the average results were
reported with an error limit of 5%.

highly desirable, and accordingly, the catalytic activity of 1
(0.05 mol%) was also evaluated in neat condition with
25.03 mmol of substrate loading at 140 °C (Table 2, entry 7).
Pure 1.4 L of H, gas was collected (Fig. S3t) (analyzed by
GC-TCD, Fig. S16B-at) over a period of 96 h with a glycolic acid
yield of 82% (Fig. S36 and S377).

To understand the possible involvement of various inter-
mediates in the catalytic process, a couple of control experi-
ments were performed. As indicated in the mechanistic
pathway (Scheme 2A), glyoxal can be a potential intermediate

A Possible reaction pathway for reforming of ethylene glycol
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Scheme 2 (A) Possible reaction pathway for reforming of ethylene

glycol, (B) control experiments and (C) elucidation of the active inter-
mediate by control NMR experiments.
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during the dehydrogenation of ethylene glycol, which may
undergo either base or metal-catalyzed rearrangement to
produce glycolic acid. On the treatment of glyoxal under opti-
mised conditions (glyoxal (2.503 mmol), KOH (6.25 mmol), in
diglyme at 140 °C), without any catalyst resulted in 85% of gly-
colic acid although no gaseous product was observed
(Fig. S27%), whereas, in presence of 1, 35% of glycolic acid was
obtained with the evolution of 32 mL gas volume (Fig. S287),
which depicted that the formed glycolic acid in the presence of
catalyst 1 may decompose further to other C1, C2 products
(Scheme 2B-a). Therefore, glycolic acid was subjected to degra-
dation in diglyme at 140 °C for 12 h (Scheme 2B-b). In the
absence of any catalyst, only 2% of glycolic acid was converted,
whereas 20% of glycolic acid decomposition was observed with
20 mL of gas volume in the presence of 1 (Fig. S29 and S307).
From the gas chromatography analysis of the produced gas,
the presence of a mixture of H, and CO, was detected
(Fig. S17bt). The lower conversion of glycolic acid depicts that
the decomposition of glycolic acid is a slow process and may
also be assisted by the protonic source. Accordingly, a
1:1 mixture of ethylene glycol and glycolic acid was subjected
to dehydrogenation. Under standard conditions, a gas volume
of 100 mL and 50% conversion of glycolic acid resulted, indicat-
ing a solvent/substrate-assisted proton shuttle pathway may
follow for the further dehydrogenation of glycolic acid
(Fig. S317). Following the possible reaction pathway, dehydro-
genation of formic acid was also performed under the standard
optimized conditions, which resulted in 50 mL of gas volume
with 95% consumption of the formic acid (Fig. S32 and S17ct).
Further, to obtain an insight into the active intermediate
involved at the metal center, catalyst 1 was treated with 2
equiv. of NEt;, and the formation of 1a was observed as
reported earlier (Scheme S11).>° In the same reaction, the
addition of glyoxal (10 equiv.) resulted in a peak at 42.03 ppm
in *'P NMR, probably due to the interaction of glyoxal, fol-
lowed by the addition of KOH (2.5 equiv. w.r.t. glyoxal) and
heating at 80 °C for 1 h, resulting in a peak at 50.69 ppm in
*Ip NMR, indicating glycolate coordinated intermediate 1b
(section 8a in ESIt). The treatment of 1 with NEt;, followed by
glycolic acid addition showed the same peak in *'P NMR,
which was further characterized by HRMS and depicted a peak
at m/z 684.12 (Scheme 2C, Fig. S4, S5, and S38%). Despite
several attempts, the structural characterization of 1b was
unsuccessful, although the details of NMR studies and second-
ary coordination sphere interaction with the metal complex
with glycolate were highlighted.>® Additionally, from the mass
analysis of the reaction mixture, peaks at m/z = 649.12 and
608.10 were attributed to the deprotonated complex (1a), indi-
cated as an active intermediate (Fig. S39t). This result ruled
out catalyst deactivation by glycolate coordination during the
reforming of ethylene glycol. Further, to elucidate the identity
of Ru-hydride, which is a key intermediate after B-hydride
elimination, an NMR scale ethylene glycol reaction was per-
formed. Treatment of 1 with NEt; (forming 1a in situ) and the
addition of 10 equiv. of ethylene glycol afforded a new peak at
47.15 ppm in *'P NMR, which upon heating for 2 h at 80 °C
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disappeared (Fig. S61). At this stage, the 1a peak was the major
in *'P NMR and no hydride peak was observed in the negative
region in 'H NMR for the corresponding Ru-H species.
However, performing a similar experiment in an H, atmo-
sphere instead of N,, a doublet peak at —26.23 ppm attributed
to the Ru-H intermediate was observed (Scheme S11).** Along
with that, the existence of a hydrogen-bonded protic arm due
to the appearance of peaks at 10.08 ppm and 13.79 ppm was
also observed (Fig. S7 and S8t). On the other hand, in the
absence of ethylene glycol, no Ru-H species were observed
under the H, atmosphere (Fig. S9 and S10%). It is noteworthy
to mention that the hydride intermediate involved during cata-
lysis is only stable under the hydrogen atmosphere. Therefore,
a fast H, evolution may take place when performing the experi-
ments in an N, atmosphere, depicting the role of protic arm
functionality in the secondary coordination sphere for the
ligand assisted proton shuttle and effectiveness of catalyst 1
for the high TOF value.>®

Importantly, the synergetic effect arising by the metal-
ligand cooperative via lactam-lactim tautomerism by the intro-
duction of the pyridonate moiety within the metal complex
has emerged as a powerful tool for enhancement of the cata-
lytic activity.>” On the basis of our previous observations and
current experimental studies, a possible reaction pathway for
the dehydrogenation of ethylene glycol is predicted in
Scheme 3. Initial treatment of the base could afford active
deprotonated intermediate A, which could undergo metal-
ligand cooperation to activate ethylene glycol, resulting in
alkoxy complex B, where the additional hydrogen bond helps
the substrate recognition via secondary coordination sphere
interaction. The p-hydride elimination of B could eliminate the
aldehyde product with the hydride intermediate C (as observed
in Scheme S1t), which can produce dihydrogen via the proton
shuttle hydrogen elimination with the regeneration of active
catalyst A. The resulting carbonyl compound could undergo
further dehydrogenation by active complex A to produce more
hydrogen and other C1, and C2 products (Scheme 2A).
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Scheme 3 Possible reaction mechanism of reforming of ethylene
glycol catalyzed by 1.
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Conclusions

In conclusion, the developed NNN-Ru bifunctional catalyst is
a highly efficient catalyst for reforming of ethylene glycol
under two switchable operating conditions. A high TON of
6395 and an even higher TON of up to 25 225 were achieved at
100 °C and 140 °C, respectively. To the best of our knowledge,
this is the first molecular catalyst system that can produce
more than two equivalents of hydrogen during the reforming
of ethylene glycol ever reported under mild operating
conditions.
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