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a sustainable catalyst for base-free transfer
hydrogenation of biomass-derived carbonyl
compounds†

Aashish, Ruchika Gupta and Rajeev Gupta *

A bifunctional cobalt-based MOF 1, offering both Lewis acidic–basic (Co and –OH−) and Brønsted acidic (–

COOH) sites, has been synthesized and characterized. MOF 1 presents a double-chain structure and,

therefore, remarkably exposed Lewis acidic–basic and Brønsted acidic sites. MOF 1 acts as a remarkable

heterogeneous catalyst for the transfer hydrogenation (TH) of carbonyl compounds using isopropanol as

a green hydrogen source without the requirement of any base. MOF 1 exhibits excellent catalytic

performance for the TH of assorted aldehydes and ketones, resulting in high yield and excellent

selectivity. Notably, several biomass-derived substrates such as furfural, 5-methylfurfural, 5-

hydroxymethylfurfural, and levulinic acid were successively converted to their corresponding products in

high yield. The substrate scope further encompassed biologically relevant ones such as vanillin,

cinnamaldehyde, perillaldehyde, and estrone. Subsequently, both poisoning experiments and

temperature-programmed desorption studies were employed to elucidate the role of Lewis acidic–basic

and Brønsted acidic sites in this MOF. To further evaluate the role of Brønsted acidic sites in TH, an ester

derivative of MOF, 1-Et, was synthesized and utilized which exhibited a poor catalytic performance.

Collectively, all experiments confirm a cooperative effect of Lewis acidic–basic (Co and –OH−) and

Brønsted acidic (–COOH) sites in TH catalysis. The entire catalytic process encompassing reagents,

solvents, and operating conditions, was assessed using the CHEM21 green metrics toolkit to highlight the

environmental sustainability of the present catalytic method. The MOF 1 overcomes the limitations of

conventional catalysts by excluding the need for a base, offering a broad substrate scope, and achieving

high yield with excellent selectivity, thus acting as a more efficient and sustainable catalyst for TH reaction.
Sustainability spotlight

Transfer hydrogenation (TH) is signicant due to its greener approach, operational simplicity and cost-effectiveness. The earlier-generation catalysts are not only
largely based on precious metals but are mostly homogenous and suffer from recyclability challenges. Another drawback is requirement of a base which
signicantly limits scope for base-sensitive substrates. Such limitations demand for the development of a sustainable heterogeneous catalyst based on an earth-
abundant metal. In this work, a bifunctional Co-MOF, offering Lewis acidic–basic and Brønsted acidic sites, acts as a heterogeneous catalyst for base-free TH of
carbonyl compounds, including biomass-derived and biologically relevant substrates. This work emphasizes the importance of the following UN sustainable
development goals: affordable and clean energy (SDG 7) and industry, innovation, and infrastructure (SDG 9).
Introduction

Hydrogenation of carbonyl compounds is a signicant and one
of the most sought-aer transformations in chemistry.1–5 The
hydrogenation of a C]O group can be carried out using
i, Delhi 110 007, India. E-mail: rgupta@

.du.ac.in/∼rgupta/

tion (ESI) available: synthesis,
les. CCDC 2334280. For ESI and
ther electronic format see DOI:

the Royal Society of Chemistry
compressed hydrogen gas and metal hydride reagents (e.g.,
LiAlH4, NaBH4).6–9 However, such conventional methods suffer
from several drawbacks. For example, compressed hydrogen gas
poses considerable safety challenges while metal hydrides
suffer from moisture sensitivity, non-selectivity and waste
generation.6,7 As a result, focus has been shied to explore
environmentally benign chemical processes.10–14 One such
strategy is transfer hydrogenation (TH) using an organic
compound as a hydrogen source.4,15,16 TH has attracted signi-
cant interest in the recent years due to its greener approach,
operational simplicity, cost-effectiveness and easy access to
hydrogen donor sources.17–22 The in situ generated hydrogen in
RSC Sustainability, 2024, 2, 3409–3423 | 3409
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a TH reaction can effectively and efficiently reduce carbonyl
substrates, thus, leading to a signicantly improved hydroge-
nation rate.18,22 In this context, not only primary alcohols, such
as MeOH and EtOH but also secondary alcohols, such as iPrOH,
have been employed as convenient hydrogen donors for the TH
of carbonyl compounds.23–26 In particular, isopropanol is a well-
established hydrogen donor while also acting as a friendly
solvent, thus eliminating the need for a separate solvent.25,27

Moreover, its only by-product, acetone, can be recycled and
used, aligning well with the principles of green chemistry.27

TH of biomass-derived carbonyl compounds, such as
furfural, 5-methylfurfural, 5-hydroxymethylfurfural, and levu-
linic acid, has attracted considerable interest due to their
signicance in generating value-added organic products and
biofuels.28–32 For instance, furfural has been a subject of
worldwide research as its functionalization produces valuable
organic derivatives.33–35 In this context, the conversion of
furfural to furfuryl alcohol stands out as a signicant process
because the latter is extensively used for the production of
synthetic bers, resins, adhesives, as well as fuels and fuel
enhancers.33,36,37 Therefore, TH of biomass-derived carbonyl
compounds is a highly desirable strategy to substitute tradi-
tional fossil resources.28,31,33

For TH of carbonyl compounds, noble-metal catalysts based
on Ru, Rh, Pd, and Pt have been the most successful and,
therefore, widely utilized.38–41 However, their limited abundance
and high cost hinder their practical employability. Similarly,
most of the earlier-generation catalysts are homogenous in
nature and suffer from facile separation and limited recycla-
bility challenges.27,41 Thus, there is a critical need to develop
non-precious metal-based heterogeneous catalysts that facili-
tate easy product separation while enhancing their recycla-
bility.11,18,42 To date, a variety of heterogeneous catalysts, such as
zeolites, mesoporous silica, metal oxides, and inorganic–
organic hybrids have been employed for the TH of carbonyl
compounds.3,4,28,33 However, most of these heterogeneous cata-
lysts face challenges related to the leaching of the active species
and limited catalytic efficiency.43,44 Hence, there is a crucial
demand for the development of stable, reusable, sustainable,
and efficient heterogeneous catalysts for the TH of carbonyl
compounds.28,33

Metal–organic frameworks (MOFs) are a signicant class of
porous materials that have garnered extensive attention due to
their well-dened structures, high crystallinity, large surface
area, tunable pores, and possibilities for both pre- and post-
functionalization.45–50 MOFs have been extensively investigated
for a wide range of applications, including gas sorption, storage,
and separation; CO2 capture and sequestration; vapor and
chemical sensing; and heterogeneous catalysis.51–58 Particularly,
the large surface area and high porosity of MOFs offer an
extensive number of accessible active sites, thus, enhancing
their catalytic performance.57,59 Furthermore, MOFs' ability to
incorporate assorted metal ions and functionalized organic
linkers enables them with tailorable properties, thus substan-
tially upgrading their catalytic applications.60,61

As a result, functional MOFs hold great promise for various
catalytic reactions, including oxidation, reduction, N-alkylation,
3410 | RSC Sustainability, 2024, 2, 3409–3423
C–X (X= C, N, O, and S) cross-coupling reactions, and TH.36,62–65

A few Zr-based MOFs have been employed for the TH of
carbonyl compounds.66,67 For instance, Li et al. have shown the
catalytic role of amorphous Zr-based bifunctional nanohybrids
for the TH of biomass-derived compounds.68,69 However, most
such catalysts perform inferiorly due to the presence of poor
basic and Brønsted acidic sites.68 While the role of basic sites is
well-established, the Brønsted acidic sites are also critical for
accelerating hydrogen transfer and stabilizing key intermedi-
ates, leading to an effective TH reaction.70 Therefore, incorpo-
rating stronger basic and Brønsted acidic sites adjacent to Lewis
acidic sites in MOFs is likely to enhance their catalytic
performance.71,72

Considering these challenges, we assumed that integrating
both Lewis acidic–basic and Brønsted acidic sites into a MOF
structure would be an ideal strategy to enhance its catalytic
performance towards TH of carbonyl compounds. This work
presents the synthesis of a bifunctional Co-based MOF 1
offering both Lewis acidic–basic (Co and –OH−) and Brønsted
acidic (–COOH) sites. MOF 1 functions as an excellent hetero-
geneous catalyst for the TH of assorted carbonyl compounds
using isopropanol as a green hydrogen source without the need
for a base. MOF 1 catalyses TH of various biomass-derived as
well as biologically relevant substrates. To elucidate the role of
Lewis acidic–basic and Brønsted acidic sites in 1, several
poisoning experiments and temperature-programmed desorp-
tion studies were carried out. To further understand the role of
Brønsted acidic sites in TH, an ester derivative of MOF, 1-Et, was
synthesized and utilized. Notably, in comparison to original
MOF 1, 1-Et displayed lower catalytic efficiency, thus, affirming
the importance of Brønsted acidic sites in TH. The greener
aspects and sustainability parameters of the entire catalytic
process were evaluated by using the CHEM21 green metrics
toolkit.

Results and discussion
Synthesis and characterization of MOF 1

Ligand L3 (Fig. S1–S5, ESI†) was synthesized in two steps
starting from L1 (Scheme 1). Ligand L3 presents three arylcar-
boxylic acid groups suited to coordinate with suitable metal
ions. L3 on reaction with Co(OAc)2 resulted in the formation of
a two-dimensional (2D) Co(II)-MOF 1 (Scheme 1). In FTIR
spectrum, 1 showed strong stretches at 1672–1588 cm−1 corre-
sponding to both nCOO and nC]O groups (Fig. S6, ESI†). MOF 1
showed broad nO–H stretches at 3380–3170 cm−1 due to the
presence of hydroxide moieties and ligated water molecules.73

TG analysis showed that 1 presents a good thermal stability (ca.
350 °C) aer losing six ligated water molecules and two lattice
DMF molecules (Fig. S7, ESI†). The elemental composition of 1
was validated using both microanalysis data and energy
dispersive X-ray (EDX) spectroscopy (Fig. S8, ESI†). The PXRD
patterns of as-synthezised 1 matched nicely with those simu-
lated from the single crystal X-ray diffraction analysis, sug-
gesting material's bulk phase purity (Fig. S9, ESI†). To evaluate
its chemical stability, MOF 1 was immersed in an aqueous
solution of different pH values (5, 7, and 9) and a variety of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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organic solvents (methanol, acetone, chloroform, and hexane).
The PXRD studies nicely demonstrated that both crystallinity
and framework integrity of MOF 1 remained intact in different
pHs and solvents of varying polarities (Fig. S10, ESI†). These
ndings support that MOF 1 is chemically robust and can be
employed for a variety of applications. The Brunauer–Emmett–
Teller (BET) studies exhibited avg. pores of ca. 2.47 nm
dimensions and a surface area of 29 m2 g−1 (Fig. S11, ESI†).74

MOF 1 was crystallographically characterized to gain insight
into its molecular structure (Tables S1–S3, ESI†). MOF 1 crys-
tallized in a monoclinic cell with C2/c space group. The asym-
metric unit comprises two L3 ligands, two Co2+ ions, two unique
bridging hydroxide groups, three coordinated water and two
lattice DMFmolecules (Fig. S12, ESI†). A SBU is consisted of two
Co(II) ions bridged by a m-OH group while coordinated by two
bridging bidentate carboxylate groups, two monodentate
carboxylate groups, and three water molecules, [Co2(m-OH)(–
COO)4(H2O)3] (Fig. 1a). In this SBU, the Co/Co separation is
3.47 Å. Two such SBUs are further connected via another m-OH
group to generate an overall SBU, [{[Co2(m-OH)(–COO)4(H2-
O)3]}2(m-OH)], with Co/Co separation of 3.97 Å. Such Co4-based
SBUs are connected together by L3 ligands giving rise to
a double chain structure when viewed along b-axis (Fig. 1b). One
of the DMF molecules participated in H-bonding interactions
within the N3 pincer cavity.75 It is important to note that the
presence of Co(II) ions, m-OH sites and free –COOH groups
endows MOF 1 with a signicant number of Lewis acidic, Lewis
basic and Brønsted acidic sites, respectively. It is anticipated
that such sites may play crucial roles in facilitating substrate
activation as well as proton abstraction in catalysis (vide infra).71

Transfer hydrogenation of carbonyl compounds

The catalytic performance of MOF 1 was investigated towards
TH taking both benzaldehyde and furfural as the model
substrates (Table 1). As expected, TH, in the absence of MOF 1,
did not proceed (entry 1). Similarly, a few Co(II) salts, such as
Co(OAc)2 and CoCl2, were largely ineffective (entries 2 and 3). To
optimize the reaction conditions, several solvents such as
methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, and tert-
butanol were utilized as the hydrogen donors (entries 4–9).
Scheme 1 Preparative route for the synthesis of Co-MOF 1. Reaction c
THF–H2O; (iii) Co(OAc)2, DMF–H2O.

© 2024 The Author(s). Published by the Royal Society of Chemistry
While most of the alcohols showed moderate catalytic perfor-
mance, nearly quantitative product formation was observed in
isopropanol (iPrOH) (entry 4). As anticipated, no benzyl alcohol
was observed when tert-butanol was used as a hydrogen source
(entry 9). The best reaction temperature was found to be 60 °C
as comparatively lower yield was noted at both lower (30–50 °C)
and higher (70 and 80 °C) temperatures (data not shown). To
rule out the involvement of [Co]-nanoparticles in catalysis, both
mercury and phenanthroline poisoning experiments were per-
formed (entries 10 and 11). The catalytic performance of MOF 1
remained unaffected in their presence, thus, eliminating the
involvement of [Co]-nanoparticles as the actual catalyst in
TH.76,77

To elucidate the role of acidic–basic sites inMOF 1 in the TH,
acetic acid, 4-methoxy pyridine, and 2,6-lutidine were employed
as the poisoning additives (entries 12–14).67,78 When acetic acid
was added to the reaction, a drastic decrease in the product
formation was noted. Such a fact suggests that the basic sites
get protonated with acetic acid and thus play a signicant role
in TH catalysis. The addition of 4-methoxy pyridine led to
a slight decrease in the formation of both benzyl alcohol and
furfuryl alcohol, implying that Lewis acidic sites also play
a minor role in TH. To further examine the role of acidic sites
(Lewis and Brønsted acids) on TH, 2,6-lutidine was introduced
to selectively inhibit the Brønsted acidic sites. A slight decrease
in the alcohol formation indicates that Brønsted acidic sites
also contribute to some extent to TH catalysis.

To evaluate the role of free carboxylic acid groups on TH
catalysis, an ester derivative of Co-MOF, 1-Et was synthesized by
treating a crystalline sample of 1 with EtOH in the presence of
a catalytic amount of conc. H2SO4. FTIR spectrum of 1-Et dis-
played ester stretches at 1703 cm−1, while PXRD patterns only
exhibited minor changes to that of pristine 1 (Fig. S13, ESI†).
Importantly, compared to MOF 1 (>99%), 1-Et exhibited a poor
catalytic efficiency (75%, 80%), thus asserting a critical role of
free –COOH groups on TH catalysis (entry 15; Table 1).

The temperature-programmed desorption (TPD) studies
were performed using NH3 and CO2 as probe molecules to
quantitatively evaluate the Lewis acidic–basic and Brønsted
acidic sites in 1 (Fig. S14, ESI†).79,80 The NH3-TPD prole reveals
onditions: (i) ethyl 4-(bromomethyl)benzoate, K2CO3, DMF; (ii) NaOH,

RSC Sustainability, 2024, 2, 3409–3423 | 3411
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Fig. 1 (a) Crystal structure of MOF 1, including coordination environment around the Co2+ centers. (b) A view of extended network of MOF 1,
when viewed along b-axis; lattice DMF molecules have been omitted for clarity. Part of a coordinating ligand, one hydrogen bonded DMF
molecule within the N3 pincer cavity, and a SBU have been zoomed.
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two distinct desorption peaks at 150 and 220 °C, indicating the
presence of abundant acidic sites within this MOF. The primary
peak at 150 °C is associated with the interaction of NH3 to that
of metal nodes, while the shoulder at 220 °C suggests its
interaction with Brønsted acidic groups (–COOH). On the other
hand, the CO2-TPD prole exhibits a desorption peak at 250 °C,
corresponding to the interaction of CO2 with –OH− groups,
conrming the presence of basic sites. The higher desorption
Table 1 Control experiments and optimization of the reaction condition

Entry Catalyst Solvent

1 — iPrOH
2 Co(OAc)2

iPrOH
3 CoCl2

iPrOH
4 Co-MOF (1) iPrOH
5 Co-MOF 1 MeOH
6 Co-MOF 1 EtOH
7 Co-MOF 1 1-PrOH
8 Co-MOF 1 1-BuOH
9 Co-MOF 1 tBuOH
10 Co-MOF 1 iPrOH
11 Co-MOF 1 iPrOH
12 Co-MOF 1 iPrOH
13 Co-MOF 1 iPrOH
14 Co-MOF 1 iPrOH
15 1-Et iPrOH
16 L3 + Co(OAc)2

iPrOH

a Reaction conditions: aldehyde (1.00 mmol), MOF 1 (0.1 mol%), solvent

3412 | RSC Sustainability, 2024, 2, 3409–3423
temperature for CO2 compared to NH3 highlights MOF's strong
basicity. These ndings not only validate the presence of Lewis
acidic–basic (Co and –OH−) and Brønsted acidic (–COOH) sites
but also underscore their crucial role in the enhanced catalytic
performance of MOF 1.79,80

Finally, to support the importance of well-dened Lewis
acidic–basic catalytic sites offered by MOF 1, a mixture of ligand
L3 and Co(OAc)2 was employed as a catalyst. Notably, only
s for the TH of benzaldehyde and furfurala

Additive

Isolated yield (%)

R = Phenyl R = Furyl

— N.R. N.R.
5 N.R.
7 N.R.
>99 >96
40 32
55 40
45 45
25 15
N.R. N.R.

Hg 97 96
1,10-Phenthroline 96 94
Acetic acid 25 27
4-Methoxy pyridine 70 73
2,6-Lutidine 82 85
— 75 80
— 15 5

(2 mL), time (2 h). N.R. = No reaction.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope for the TH of assorted aldehydes. Reaction conditions: aldehyde (1.00mmol), MOF 1 (0.1 mol%), iPrOH (2 mL), temp.
(60 °C).
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a negligible amount of product was formed (15%; entry 16).
Such a fact convincingly illustrates the signicance of well-
organized catalytic sites in a crystalline sample of MOF 1.
Collectively, a synergistic interplay of Lewis acidic–basic (Co
and –OH−) and Brønsted acidic (–COOH) sites is operational in
controlling the outcome of heterogeneous TH catalysis.66,71

Subsequently, MOF 1 was employed as a heterogeneous
catalyst to explore the substrate scope for the TH of assorted
carbonyl compounds. A variety of aldehydes and ketones,
bearing both electron-withdrawing and electron-donating
groups, were efficiently converted to their respective alcohols
as exclusive products (Schemes 2 and 3). For instance, benzal-
dehyde (1) and its derivatives were converted to their corre-
sponding benzyl alcohols in nearly quantitative yields.
However, it was noted that benzaldehydes containing electron-
withdrawing groups, such as 4-nitro (2), 3-nitro (3), 2-nitro (4), 4-
bromo (5), and 3-bromo (6) underwent faster reduction as
© 2024 The Author(s). Published by the Royal Society of Chemistry
compared to the benzaldehydes having electron-donating
groups such as 4-methyl (7), 3-methyl (8), 2-methyl (9), 4-
methoxy (10), 4-amino (11), 4-hydroxy (12) and 2,4-dimethyl
(13). Further, 1-naphthaldehyde (14), 9-anthraldehyde (15) and
piperonyl aldehyde (16) were also reduced to their corre-
sponding alcohols in very high yield.

Subsequently, assorted aliphatic substrates such as 3-
(pyridin-2-yl)propanal (17), 2-amino-2-phenyl-acetaldehyde (18),
2-(vinyloxy)acetaldehyde (19), 2-mercapto-acetaldehyde (20), 2-
chloro-acetaldehyde (21), 2-(2-chloroethoxy)acetaldehyde (22),
5-hydroxypentanal (23), 2,20-azanediyldiacetaldehyde (24), 2,3-
dihydroxy-propanal (25), butanal (26), and decanal (27) were
efficiently converted to their respective alcohols in high yield.
Furthermore, TH of a cyclic aldehyde such as cyclopropane
aldehyde (28) also provided respective alcohol in excellent yield.

Aer TH of assorted aldehydes, substrate scope was
extended to various ketones, which are generally more
RSC Sustainability, 2024, 2, 3409–3423 | 3413
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Scheme 3 Substrate scope for the TH of assorted ketones. Reaction conditions: ketone (1.00mmol), MOF 1 (0.1 mol%), iPrOH (2mL), temp. (60 °
C).
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challenging to reduce (Scheme 3). Acetophenone was quanti-
tatively reduced to 1-phenylethanol (29). Similarly, acetophe-
none derivatives, such as 4-methylacetophenone (30), 4-
nitroacetophenone (31), 4-uoroacetophenone (32), 4-chlor-
oacetophenone (33), 4-bromoacetophenone (34) and 2-amino-
acetophenone (35) were reduced to their respective products in
generally high yield. Notably, the TH of substrates having
electron-withdrawing groups required less time as compared to
the ones having electron-donating groups. An aliphatic
substrate, 1,3-diaminoacetone (36), also produced the respec-
tive secondary alcohol in high yield. Subsequently, cyclic
ketones such as cyclohexanone (37) and cycloheptanone (38)
were conveniently converted to their respective secondary
alcohols in high yield. Moreover, benzophenone (39) and its
Scheme 4 Substrate scope for the TH of a few biomass-derived and biolo
MOF 1 (0.1 mol%), iPrOH (2 mL), temp. (60 °C).

3414 | RSC Sustainability, 2024, 2, 3409–3423
derivatives such as 4-chlorobenzophenone (40), 2-amino-
benzophenone (41), and 4,40-dimethoxy-benzophenone (42)
also provided the corresponding secondary alcohols in excellent
yield (Scheme 3). It is important to note that ketones needed
a longer reaction time for reduction when compared to
aldehydes.3

To further elaborate substrate scope, TH catalysis was
extended to biomass-derived carbonyl compounds such as
furfural, 5-methylfurfural, 5-hydroxymethylfurfural (HMF) and
levulinic acid (Scheme 4). Importantly, TH of furfural led to
a nearly complete conversion to furfuryl alcohol (43). Similarly,
5-methylfurfural was reduced to 5-methylfurfuryl alcohol (44) in
high yield. Likewise, 5-hydroxymethylfurfural (45) and levulinic
acid (46) were also converted to their respective products in
gically relevant substrates. Reaction conditions: substrate (1.00mmol),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Progress of the TH of furfural monitored by time-dependent 1H NMR spectroscopy. (b) Plots of ln(Ct/Co) versus time presenting the
first-order kinetics at four different temperatures, and (c) the corresponding Arrhenius plot for the TH of furfural in the presence of MOF 1 as
a catalyst.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 1
1:

19
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
good yield. Subsequently, a few biologically relevant substrates,
such as vanillin (47), cinnamaldehyde (48), perillaldehyde (49)
and estrone (50) were employed (Scheme 4). Notably, such
biologically relevant substrates presented an intriguing chal-
lenge for attempting TH as all of them featured a carbonyl
group alongside other functional groups. Gratifyingly, MOF 1,
as a heterogeneous catalyst, effectively converted these
substrates to their respective alcohols in excellent yield.
However, both perillaldehyde and estrone required a higher
catalyst loading of 0.5 mol% to drive the TH catalysis effectively.
It is noteworthy that MOF 1 facilitated TH of all substrates
without the requirement of a base (vide infra).41

To study the kinetics of the TH reaction, time-dependent
NMR spectra were recorded, taking furfural as a model
substrate.81,82 1H NMR spectral analysis displayed that TH of
furfural proceeded efficiently in the presence of MOF 1 (Fig. 2a).
© 2024 The Author(s). Published by the Royal Society of Chemistry
New signals were identied at 4.60, 6.28, 6.34, and 7.40 ppm
that are consistent with the formation of furfuryl alcohol
replacing the original peaks of furfural at 6.57, 7.22, 7.66 and
9.61 ppm. The same reaction was utilized to monitor the
formation of furfuryl alcohol, which exhibited a rst-order
kinetics with the associated rate constant of 0.0194 min−1 at
60 °C. Subsequently, kinetic experiments were performed at
different temperatures (303, 313, 323, and 333 K) to determine
the activation energy (Ea) of the TH reaction (Fig. 2b).83 The Ea,
calculated from the Arrhenius equation, was found to be
15.75 kJ mol−1 (Fig. 2c).

Mechanistic insights

TH of carbonyl compounds typically follows two distinct
mechanistic pathways: metal-mediated hydrogenation and
Meerwein–Ponndorf–Verley (MPV) hydrogenation
RSC Sustainability, 2024, 2, 3409–3423 | 3415
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Scheme 5 Proposed reaction mechanism for the TH of a carbonyl
substrate, taking furfural as a representative case, catalyzed by MOF 1.
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pathway.33,84,85 In rst case, a [M–H] species serves as an active
catalyst followed by the transfer of hydride to the carbonyl
carbon atom of a substrate.41 In latter pathway, b-H of iso-
propanol is directly transferred to the carbonyl carbon of
a substrate through the formation of a six-membered transition
state.84,86 Notably, in MPV pathway, generation of a [M–H]
species is not necessary. Based on literature reports, control and
poisoning experiments,66,71,84 a plausible reaction mechanism is
proposed for the TH of carbonyl substrates, taking furfural as
a representative example, catalyzed by Co-MOF 1 (Scheme 5).

The MPV mechanistic cycle starts with the dissociative
coordination of a molecule of isopropanol resulting in the
formation of species A. Herein, while basic bridging hydroxide
group (Lewis basic site) abstracts proton of the isopropanol, the
resulting isopropoxide anion is coordinated to the cobalt ion
(Lewis acidic site). The second step involves the insertion of
furfural to the active site of MOF 1, leading to the formation of
Fig. 3 (a) Hot filtration test for the TH of furfural in the presence of MOF 1
the cease of catalysis; re-addition of MOF 1 led to the formation of furfury
recyclability of MOF 1 for five consecutive cycles.

3416 | RSC Sustainability, 2024, 2, 3409–3423
a six-membered transition state B. The next step involves direct
transfer of hydrogen to the carbonyl carbon atom through b-H
elimination, affording species C. This is succeeded by the
formation of species D, while releasing a molecule of acetone. It
is important to mention that acetone was detected in both GC
and proton NMR spectra of the reaction mixture (Fig. S15, ESI†).
In the nal step, furfuryl alcohol is released, as the exclusive
product, with hydrogen atom being transferred from the
protonated basic site (–O(H)–H+). This is followed by the coor-
dination of a water molecule to the Co(II) ion, thus, regenerating
the catalyst.
Stability and recyclability of MOF 1

For a promising heterogeneous catalyst, both stability and
reusability are considered to be the signicant factors.87,88 To
evaluate a true heterogeneous nature of MOF 1 and its stability
in catalysis, hot ltration test was employed taking TH of
furfural as a model reaction (Fig. 3a). The said reaction was
allowed to continue in the presence of 1 for 75 min, and
thereaer MOF 1 was removed by centrifugation. Removal of 1
led to a complete stop of the catalytic reaction. Remarkably, re-
addition of the same catalyst revived the catalytic activity,
leading to the formation of product in a quantitative yield. Such
a ltration test unveiled a true heterogeneous nature of MOF 1.
Upon completion of the said catalytic reaction, MOF 1 was
separated via centrifugation, washed with water, dried and
subsequently employed for ve consecutive cycles. As shown in
Fig. 3b, only a marginal drop in its catalytic activity was
observed during the ve consecutive cycles. In fact, furfuryl
alcohol formation only decreased from 99% to 95% in such ve
reusability cycles. We believe that a slight drop in the catalytic
performance is due to the potential loss of MOF 1 during the
isolation and re-addition steps. Importantly, FTIR spectral,
PXRD and SEM studies of the recovered MOF 1, aer ve cata-
lytic runs, revealed that both structural integrity and
morphology of MOF remain preserved during the catalytic
cycles (Fig. S16–S18, ESI†). These ndings illustrate a robust
nature of MOF 1 as a true heterogeneous catalyst.
as a catalyst. MOF 1was filtered off at 75min (red triangles) which led to
l alcohol in a quantitative yield (black circles). (b) A bar graph displaying

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

The environmental sustainability of one-step TH was assessed
by using the publicly available CHEM21 green metrics toolkit
developed by Clark and co-workers (Scheme 6 and Tables S4 and
S5, ESI†).89,90 This toolkit encompasses 12 principles of green
chemistry by offering a quantitative method to evaluate,
measure, and compare the sustainability of a chemical reaction.
The said toolkit includes four levels of assessment with each
one with increasing complexity: zero pass, rst pass, second
pass and third pass. These levels are used to check the green
credentials of a chemical reaction.89 In CHEM21 green metrics
toolkit, an initial evaluation of various methods is carried out
using the zero pass. Herein, the assessment focuses on the
signicant use of hazardous solvents and chemicals, taking into
consideration health and safety aspects.91,92 Subsequently, effi-
cacy of the reaction is examined on the basis of various factors
like conversion, yield, selectivity, atom economy (AE), and
reaction mass efficiency (RME). Promising methods identied
in zero pass are further examined using the rst pass where
process mass intensity (PMI), hazards to health, safety and
ecology are investigated in an elaborated manner.92 The second
and third passes are relevant for industrial-scale processes and
are beyond the scope of the present laboratory-scale research.41

A gram–scale reaction was carried out using furfural (1.00 g,
0.01 mol) as a model substrate, to assess the catalytic perfor-
mance, sustainability, and robustness of MOF 1 (0.1 mol%,
0.031 g) as a catalyst. The reaction was carried out at 60 °C while
a complete conversion was attained in 2 h, yielding furfuryl
alcohol (0.99 g, 0.01 mol), as the sole product, and acetone as
the only by-product. The CHEM21 green metrics toolkit was
employed to investigate the entire catalytic process. This
method provided green ags for yield, conversion, selectivity,
Scheme 6 CHEM21 green metrics toolkit calculations for TH of
furfural catalyzed by MOF 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
AE, and RME.89 The use of isopropanol as an environmentally
friendly solvent further earned a green ag. The utilization of
cobalt as a catalytic metal, which is earth-abundant, inexpen-
sive, environmentally benign and nontoxic, received a green
ag. The work-up procedure was straightforward and thus
further earned a green ag. As TH of furfural was carried out at
60 °C, the reaction temperature also received a green ag.
Furthermore, the entire catalytic process showed good health
and safety concerns, with acetone being the only by-product,
thus further earning a green ag. Collectively, the aforemen-
tioned catalytic results effectively support CHEM21 green
metrics toolkit as a reliable method and provide both qualita-
tive and quantitative information for the TH of carbonyl
compounds.89,92
Conclusions

In conclusion, a bifunctional Co-based MOF 1 providing both
Lewis acidic–basic (Co and –OH−) and Brønsted acidic (–COOH)
sites was synthesized. MOF 1 offered a double-chain structure
and, therefore, remarkably exposed Lewis acidic–basic and
Brønsted acidic sites. MOF 1 was utilized as a heterogeneous
catalyst for the TH of assorted carbonyl compounds using iso-
propanol as a green hydrogen donor. MOF 1 illustrated
a remarkable catalytic efficiency and reduced a large number of
aldehydes and ketones to their respective alcohols in excellent
yield. Several biomass-derived as well as biologically relevant
substrates further illustrated remarkable TH results of MOF 1.
Various poisoning experiments and temperature-programmed
desorption studies substantiated the signicant roles of both
Lewis acidic–basic and Brønsted acidic sites in catalysis. To
nail, an ester derivative of MOF 1, 1-Et, was utilized to elucidate
the role of Brønsted acidic sites in catalysis. These experiments
asserted a synergistic role of Lewis acidic–basic and Brønsted
acidic sites offered by MOF 1 in efficiently promoting TH
without the use of any external base. The CHEM21 green
metrics toolkit provided ‘green ags’ for the entire catalytic
system. This work not only overcomes the limitations of
conventional catalysts but also opens up new avenues for the
development of earth-abundant MOFs as sustainable yet effec-
tive heterogeneous catalysts for the conversion of biomass-
derived compounds to biofuels and value-added chemicals.
Experimental section
Materials

All chemicals and reagents were procured from commercial
companies and were used without further purication. The
solvents were puried utilizing the standard literature
methods.93 The precursor L1 was synthesized according to our
earlier report.50
Syntheses

H2L
p-COOEt-O-(CH2)-C6H5-COOCH2CH3 (L2). L1 (1.00 g, 2.09

mmol) and ethyl-4-(bromomethyl)benzoate (0.61 g, 2.51 mmol)
were dissolved in 20 mL DMF followed by the addition of solid
RSC Sustainability, 2024, 2, 3409–3423 | 3417
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K2CO3 (0.57 g, 4.18 mmol). This reaction mixture was stirred for
6 h at 60 °C. The unreacted K2CO3 was ltered off from the
reaction mixture, and the solvent was removed under the
reduced pressure. The solid product was isolated aer washing
with water followed by diethyl ether. Yield: 1.20 g (90%). 1H
NMR spectrum (400 MHz, DMSO-d6) d 11.30 (s, 2H), 8.14–7.91
(m, 12H), 7.65 (d, J= 7.8 Hz, 2H), 5.52 (s, 2H), 4.31 (q, J= 6.7 Hz,
6H), 1.33 (t, J = 6.5 Hz, 9H). FTIR spectrum (selected peaks, n/
cm−1): 3330 (N–H), 2981 (C–H), 1701 (COOCH2CH3), 1587 (C]
O). Elemental analysis for C35H33N3O9: C, 65.72; H, 5.20; N,
6.57. Found: C, 65.79; H, 5.29; N, 6.51.

H2L
p-COOH-O-(CH2)-C6H5-COOH (L3). The ligand L3 was ob-

tained aer the base-assisted hydrolysis of L2. L2 (0.5 g, 0.78
mmol) was dissolved in a mixture of THF–H2O (3 : 1, v/v) and
treated with 5 equiv. of NaOH (0.15 g, 3.90 mmol). This reaction
mixture was stirred for 12 h at room temperature. To this
reaction mixture, an aqueous solution of 4 N HCl was added
until pH reached to 3.5–4.0. The resulting solution was vacuum
evaporated to remove THF which led to the precipitation of
a product which was ltered, washed with water, and air dried.
Yield: 0.36 g (85%). 1H NMR spectrum (400 MHz, DMSO-d6)
d 12.96 (s, 2H), 11.22 (s, 2H), 8.37–7.80 (m, 12H), 7.66 (d, J =
6.8 Hz, 2H), 5.55 (s, 2H). 13C NMR spectrum (100 MHz, DMSO-
d6) d 167.41, 162.17, 151.17, 142.47, 141.01, 130.81, 130.08,
127.99, 126.78, 120.62, 112.49, 70.06. FTIR spectrum (selected
peaks, n/cm−1): 3187 (N–H), 2962 (C–H), 1680 (COOH), 1589
(C]O). Elemental analysis for C29H21N3O9: C, 62.70; H, 3.81; N,
7.56. Found: C, 62.62; H, 3.76; N, 7.55.

Co-MOF (1). An aqueous solution of Co(OAc)2$4H2O
(134 mg, 0.54 mmol) was layered over a DMF solution of L3
(100.00 mg, 0.18 mmol) with an intermediate layer of tert-
butanol. Aer a period of 7–8 days, pink-colored block-shaped
crystals were obtained, which were ltered, washed with
diethyl ether, and dried under the vacuum. Yield: 192.00 mg
(75%). FTIR spectrum (selected peaks, n/cm−1): 3317 (N–H),
2950 (C–H), 1669, 1589 (C]O). Elemental analysis calculated
for C64H58N8O23Co2: C, 53.94; H, 4.10; N, 7.86; Co, 8.27%.
Found: C, 53.89; H, 4.06; N, 7.82; Co, 8.36%. The Co content was
measured by inductively coupled plasma mass spectrometry
(ICP-MS).

1-Et. MOF 1 (100.00 mg, 0.07 mmol) was taken in 20 mL
EtOH followed by the addition of a few drops of conc. H2SO4.
The reaction mixture was stirred for 12 h at room temperature.
Aer completion of the reaction, the product was ltered,
thoroughly washed with water, followed by diethyl ether, and
dried under the vacuum. Yield: 98 mg (95%). FTIR spectrum
(selected peaks, n/cm−1): 3326 (N–H), 2977 (C–H), 1662, 1703
(COOCH2CH3), 1672, 1588 (C]O). Elemental analysis calcu-
lated for C68H66N8O23Co2: C, 55.14; H, 4.49; N, 7.57. Found: C,
55.09; H, 4.48; N, 7.51.
Typical procedure for TH

A 20 mL round bottom ask was charged with catalyst (0.1 mol
%), substrate (1.0 mmol), and isopropanol (2 mL). The reaction
mixture was stirred for 2 h at 60 °C. The progress of the reaction
was monitored with the thin layer chromatography (TLC). Upon
3418 | RSC Sustainability, 2024, 2, 3409–3423
completion, the reaction mixture was subjected to centrifuga-
tion, which led to the separation of the catalyst, which was
isolated. The recovered catalyst was characterized by FTIR
spectral as well as PXRD studies. The organic product(s) were
extracted using 10 mL EtOAc. The EtOAc solution was then
passed through a Celite plug to eliminate any remaining inor-
ganic impurities. The resulting solution was concentrated to
obtain a pure TH product, which was subsequently character-
ized using both 1H and 13C NMR spectroscopic studies. Fig. S19
and S118† in ESI contain 1H and 13C NMR spectra of all isolated
TH products.

1H and 13C NMR spectral data of TH products:
(1) Benzyl alcohol. 1H NMR spectrum (CDCl3, 400 MHz)

d 7.35–7.23 (m, 2H), 4.58 (s, 2H), 2.64 (s, 1H). 13C NMR spectrum
(CDCl3, 100 MHz) d 140.92, 128.56, 127.61, 127.04, 65.13.

(2) 4-Nitrobenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.21 (d, J = 8.8 Hz, 2H), 7.53 (d, J = 8.9 Hz, 2H), 4.83 (s,
2H), 2.23 (s, 1H). 13C NMR spectrum (CDCl3, 100 MHz) d 148.36,
147.19, 127.01, 123.70, 63.92.

(3) 3-Nitrobenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.17 (s, 1H), 8.06 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 8.2 Hz,
1H), 7.49 (t, J = 7.9 Hz, 1H), 4.77 (s, 2H). 13C NMR spectrum
(CDCl3, 100 MHz) d 148.21, 143.01, 132.74, 129.42, 122.35,
121.36, 63.67.

(4) 2-Nitrobenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.07 (d, J = 8.2 Hz, 1H), 7.74 (d, J = 7.3 Hz, 1H), 7.66 (t, J
= 7.0 Hz, 1H), 7.46 (t, J = 7.7 Hz, 1H), 4.96 (s, 2H). 13C NMR
spectrum (CDCl3, 100 MHz) d 147.49, 136.88, 134.14, 129.73,
128.43, 124.96, 62.35.

(5) 4-Bromobenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.47 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 4.62 (s,
2H), 2.05 (s, 1H). 13C NMR spectrum (CDCl3, 100 MHz) d 139.76,
131.63, 128.60, 121.45, 64.53.

(6) 3-Bromobenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.46 (s, 1H), 7.38 (d, J = 5.1 Hz, 1H), 7.23–7.14 (m, 2H),
4.56 (s, 2H). 13C NMR spectrum (CDCl3, 100 MHz) d 143.08,
130.60, 130.13, 129.87, 125.37, 122.61, 64.24.

(7) 4-Methylbenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.21 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 7.9 Hz, 2H), 4.57 (s,
2H), 2.33 (s, 3H), 2.21 (s, 1H). 13C NMR spectrum (CDCl3, 100
MHz) d 137.96, 137.34, 129.24, 127.15, 65.12, 21.18.

(8) 3-Methylbenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.21 (t, J = 7.5 Hz, 1H), 7.10 (dd, J = 16.4, 7.3 Hz, 3H),
4.56 (s, 2H), 2.53 (s, 1H), 2.33 (s, 3H). 13C NMR spectrum (CDCl3,
100 MHz) d 140.90, 138.21, 128.47, 128.35, 127.81, 124.09, 65.17,
21.42.

(9) 2-Methylbenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.34–7.26 (m, 1H), 7.21–7.12 (m, 3H), 4.61 (s, 2H), 2.31
(s, 3H), 2.15 (s, 1H). 13C NMR spectrum (CDCl3, 100 MHz)
d 138.73, 136.10, 127.76, 127.54, 126.06, 63.37, 18.75.

(10) 4-Methoxybenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.23 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.52 (s,
2H), 3.76 (s, 3H), 2.62 (s, 1H). 13C NMR spectrum (CDCl3, 100
MHz) d 159.09, 133.21, 128.65, 113.90, 64.75, 55.29.

(11) 4-Aminobenzyl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.07 (d, J = 8.4 Hz, 2H), 6.58 (d, J = 8.0 Hz, 2H), 4.44 (s,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2H), 4.09 (s, 1H), 3.64 (s, 2H). 13C NMR spectrum (CDCl3, 100
MHz) d 146.10, 131.08, 128.81, 115.18, 65.27.

(12) 4-Hydroxybenzyl alcohol. 1H NMR spectrum (DMSO-d6,
400 MHz) d 9.30 (s, 1H), 7.11 (d, J = 8.5 Hz, 2H), 6.71 (d, J =
8.5 Hz, 2H), 4.96 (s, 1H), 4.36 (s, 2H). 13C NMR spectrum
(DMSO-d6, 100 MHz) d 156.68, 133.11, 128.51, 115.25, 63.25.

(13) 2,4-Dimethylbenzyl alcohol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.20 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 4.4 Hz, 2H), 4.62
(s, 2H), 2.31 (d, J = 3.6 Hz, 6H). 13C NMR spectrum (CDCl3, 100
MHz) d 137.55, 136.14, 135.78, 131.24, 127.90, 126.63, 63.39,
21.05, 18.60.

(14) 1-Napthalenemethanol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.10 (d, J= 8.1 Hz, 1H), 7.87 (d, J = 9.4 Hz, 1H), 7.80 (d, J
= 8.1 Hz, 1H), 7.57–7.48 (m, 3H), 7.46–7.39 (m, 1H), 5.11 (d, J =
4.4 Hz, 2H), 1.92 (s, 1H). 13C NMR spectrum (CDCl3, 100 MHz)
d 136.28, 133.81, 131.24, 128.69, 128.61, 126.37, 125.91, 125.42,
125.36, 123.67, 63.69.

(15) 9-Anthracenemethanol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.46 (s, 1H), 8.40 (d, J = 9.4 Hz, 2H), 8.02 (d, J = 8.4 Hz,
2H), 7.62–7.52 (m, 2H), 7.53–7.42 (m, 2H), 5.66 (s, 2H). 13C NMR
spectrum (CDCl3, 100 MHz) d 131.56, 131.02, 130.26, 129.16,
128.41, 126.48, 125.12, 123.89, 57.43.

(16) 1,3-Benzodioxol-5-ylmethanol. 1H NMR spectrum
(CDCl3, 400 MHz) d 6.84 (s, 1H), 6.81–6.73 (m, 2H), 5.94 (s, 2H),
4.54 (s, 2H), 2.09 (s, 1H). 13C NMR spectrum (CDCl3, 100 MHz)
d 147.80, 147.07, 134.90, 120.52, 108.21, 107.90, 101.02, 65.17.

(17) 2-Pyridinepropanol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.48 (d, J= 4.9 Hz, 1H), 7.61 (td, J= 7.7, 1.8 Hz, 1H), 7.19
(d, J = 7.8 Hz, 1H), 7.12 (ddd, J = 7.4, 5.0, 1.0 Hz, 1H), 4.67 (s,
1H), 3.70 (t, J= 6.0 Hz, 2H), 2.95 (t, J= 7.1 Hz, 2H), 2.06–1.93 (m,
2H). 13C NMR spectrum (CDCl3, 100 MHz) d 161.51, 148.65,
136.81, 123.18, 121.16, 61.96, 35.11, 31.88.

(18) 2-Amino-2-phenylethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.36–7.24 (m, 5H), 4.01 (dd, J= 8.3, 4.2 Hz, 1H), 3.70
(dd, J = 10.9, 4.3 Hz, 1H), 3.53 (dd, J = 10.9, 8.3 Hz, 1H), 2.65 (s,
2H). 13C NMR spectrum (CDCl3, 100 MHz) d 142.49, 128.62,
127.52, 126.58, 67.88, 57.41.

(19) 2-(Vinyloxy)ethanol. 1H NMR spectrum (CDCl3, 400
MHz) d 6.51 (dd, J = 14.3, 6.8 Hz, 1H), 4.23 (dd, J = 14.3, 2.2 Hz,
1H), 4.05 (dd, J = 6.8, 2.2 Hz, 1H), 3.82 (dd, J = 7.7, 3.7 Hz, 2H),
2.40 (t, J = 5.2 Hz, 1H). 13C NMR spectrum (CDCl3, 100 MHz)
d 151.55, 87.12, 69.15, 61.18.

(20) 2-Mercaptoethanol. 1H NMR spectrum (CDCl3, 400
MHz) d 3.73 (t, J = 5.3 Hz, 2H), 2.72 (dd, J = 10.2, 4.3 Hz, 2H),
1.44 (t, J = 8.5 Hz, 1H). 13C NMR spectrum (CDCl3, 100 MHz)
d 63.98, 27.67.

(21) 2-Chloroethanol. 1H NMR spectrum (CDCl3, 400 MHz)
d 3.92–3.84 (m, 2H), 3.72–3.62 (m, 2H), 2.48 (s, 1H). 13C NMR
spectrum (CDCl3, 100 MHz) d 62.94, 46.82.

(22) 2-(2-Chloroethoxy)ethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 3.77 (dd, J = 10.1, 4.6 Hz, 4H), 3.69–3.61 (m, 4H),
2.38 (s, 1H). 13C NMR spectrum (CDCl3, 100MHz) d 72.39, 71.13,
61.67, 42.93.

(23) 1,5-Pentanediol. 1H NMR spectrum (D2O, 400 MHz)
d 3.50 (t, J = 6.6 Hz, 4H), 1.54–1.40 (m, 4H), 1.37–1.19 (m, 2H).
13C NMR spectrum (D2O, 100 MHz) d 61.62, 30.97, 21.39.
© 2024 The Author(s). Published by the Royal Society of Chemistry
(24) 2,20-Azanediylbis(ethan-1-ol). 1H NMR spectrum (CDCl3,
400 MHz) d 4.18 (s, 2H), 3.75–3.63 (m, 4H), 2.82–2.64 (m, 4H).
13C NMR spectrum (CDCl3, 100 MHz) d 60.60, 51.19.

(25) 1,2,3-Propanetriol. 1H NMR spectrum (D2O, 400 MHz)
d 3.73–3.63 (m, 1H), 3.50 (ddd, J = 18.2, 11.7, 5.4 Hz, 4H). 13C
NMR spectrum (D2O, 100 MHz) d 72.03, 62.45.

(26) 1-Butanol. 1H NMR spectrum (CDCl3, 400 MHz) d 3.64 (t,
J = 6.6 Hz, 2H), 2.07 (s, 1H), 1.62–1.48 (m, 2H), 1.42–1.37 (m,
2H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR spectrum (CDCl3, 100
MHz) d 62.64, 34.81, 18.87, 13.83.

(27) 1-Decanol. 1H NMR spectrum (CDCl3, 400 MHz) d 3.63 (t,
J = 6.6 Hz, 2H), 1.60–1.54 (m, 2H), 1.39–1.21 (m, 14H), 0.88 (t, J
= 6.8 Hz, 3H). 13C NMR spectrum (CDCl3, 100 MHz) d 63.04,
32.79, 31.90, 29.62, 29.56, 29.44, 29.32, 25.75, 22.68, 14.10.

(28) Cyclopropylmethanol. 1H NMR spectrum (CDCl3, 400
MHz) d 3.22 (d, J = 7.0 Hz, 2H), 1.74 (s, 1H), 0.96–0.81 (m, 1H),
0.31 (dt, J = 5.7, 4.5 Hz, 2H), 0.06–0.02 (m, 2H). 13C NMR
spectrum (CDCl3, 100 MHz) d 67.61, 13.39, 2.68.

(29) 1-Phenylethanol. 1H NMR spectrum (CDCl3, 400 MHz)
d 7.38–7.31 (m, 4H), 7.27 (dd, J = 6.0, 2.7 Hz, 1H), 4.87 (q, J =
6.2 Hz, 1H), 1.48 (d, J = 6.5 Hz, 3H). 13C NMR spectrum (CDCl3,
100 MHz) d 145.84, 128.52, 127.49, 125.42, 70.41, 25.16.

(30) 1-(4-Methylphenyl)ethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.26 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 4.86
(q, J = 6.4 Hz, 1H), 2.34 (s, 3H), 1.90 (s, 1H), 1.48 (d, J = 6.5 Hz,
3H). 13C NMR spectrum (CDCl3, 100 MHz) d 142.88, 137.17,
129.18, 125.37, 70.26, 25.08, 21.10.

(31) 1-(4-Nitrophenyl)ethanol. 1H NMR spectrum (CDCl3, 400
MHz) d 8.18 (d, J = 8.8 Hz, 2H), 7.53 (d, J = 8.6 Hz, 2H), 5.01 (q, J
= 6.5 Hz, 1H), 1.51 (d, J = 6.5 Hz, 3H). 13C NMR spectrum
(CDCl3, 100 MHz) d 153.25, 147.10, 126.14, 123.72, 69.42, 25.44.

(32) 1-(4-Fluorophenyl)ethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.40–7.28 (m, 2H), 7.02 (dd, J= 9.8, 7.7 Hz, 2H), 4.88
(q, J= 6.4 Hz, 1H), 2.04 (s, 1H), 1.47 (d, J= 6.5 Hz, 3H). 13C NMR
spectrum (CDCl3, 100 MHz) d 163.33, 160.90, 141.53, 141.50,
127.09, 127.01, 115.36, 115.15, 69.77, 25.28.

(33) 1-(4-Chlorophenyl)ethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.33–7.27 (m, 4H), 4.86 (q, J = 6.4 Hz, 1H), 2.07 (s,
1H), 1.46 (d, J = 6.5 Hz, 3H). 13C NMR spectrum (CDCl3, 100
MHz) d 144.26, 133.06, 128.61, 126.81, 69.74, 25.26.

(34) 1-(4-Bromophenyl)ethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.46 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 4.85
(q, J= 6.3 Hz, 1H), 2.04 (s, 1H), 1.46 (d, J= 6.5 Hz, 3H). 13C NMR
spectrum (CDCl3, 100 MHz) d 144.78, 131.56, 127.17, 121.16,
69.78, 25.24.

(35) 2-Amino-1-phenylethanol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.37–7.15 (m, 5H), 4.54 (dd, J= 7.6, 4.1 Hz, 1H), 2.85
(s, 2H), 2.80–2.67 (m, 2H). 13C NMR spectrum (CDCl3, 100 MHz)
d 142.90, 128.37, 127.44, 125.93, 74.24, 49.24.

(36) 1,3-Diaminopropanol. 1H NMR spectrum (D2O, 400
MHz) d 3.55–3.43 (m, 1H), 2.54 (ddd, J = 21.0, 13.4, 6.0 Hz, 4H).
13C NMR spectrum (D2O, 100 MHz) d 73.77, 44.03.

(37) Cyclohexanol. 1H NMR spectrum (CDCl3, 400 MHz)
d 3.69–3.51 (m, 1H), 1.98 (s, 1H), 1.95–1.84 (m, 2H), 1.73 (t, J =
6.4 Hz, 2H), 1.54 (dd, J = 11.4, 7.1 Hz, 1H), 1.27 (dd, J = 15.7,
7.2 Hz, 4H). 13C NMR spectrum (CDCl3, 100 MHz) d 70.25, 35.49,
25.45, 24.16.
RSC Sustainability, 2024, 2, 3409–3423 | 3419
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(38) Cycloheptanol. 1H NMR spectrum (CDCl3, 400 MHz)
d 3.62–3.55 (m, 1H), 2.11 (s, 1H), 1.89 (d, J= 5.4 Hz, 2H), 1.73 (d,
J = 4.2 Hz, 2H), 1.45 (d, J = 4.5 Hz, 1H), 1.37–1.07 (m, 6H). 13C
NMR spectrum (CDCl3, 100 MHz) d 71.26, 41.93, 27.15, 25.65.

(39) Diphenylmethanol. 1H NMR spectrum (CDCl3, 400MHz)
d 7.28–7.24 (m, 5H), 7.38–7.34 (m, 3H), 7.34–7.30 (m, 2H), 5.83
(d, J = 3.3 Hz, 1H), 2.30 (d, J = 3.5 Hz, 1H). 13C NMR spectrum
(CDCl3, 100 MHz) d 413.82, 128.53, 127.60, 126.56, 76.28.

(40) 4-Chlorobenzhydrol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.34 (d, J = 4.4 Hz, 4H), 7.31–7.26 (m, 5H), 5.80 (d, J =
3.1 Hz, 1H), 2.32 (d, J = 3.4 Hz, 1H). 13C NMR spectrum (CDCl3,
100 MHz) d 143.45, 142.23, 133.29, 128.67, 128.62, 127.89,
126.54, 75.63.

(41) 2-Aminobenzhydrol. 1H NMR spectrum (CDCl3, 400
MHz) d 7.41–7.32 (m, 4H), 7.29 (t, J = 9.3 Hz, 1H), 7.11 (td, J =
7.7, 1.6 Hz, 1H), 7.01 (dd, J= 7.6, 1.5 Hz, 1H), 6.79–6.60 (m, 2H),
5.82 (s, 1H), 3.93 (s, 2H), 2.79 (s, 1H). 13C NMR spectrum (CDCl3,
100 MHz) d 144.84, 141.93, 128.69, 128.52, 127.63, 126.57,
118.40, 117.02, 74.95.

(42) 4,40-Dimethoxybenzhydrol. 1H NMR spectrum (CDCl3,
400 MHz) d 7.27 (d, J = 8.5 Hz, 4H), 6.86 (d, J = 8.8 Hz, 4H), 5.76
(d, J= 3.2 Hz, 1H), 3.78 (s, 6H), 2.20 (d, J= 3.5 Hz, 1H). 13C NMR
spectrum (CDCl3, 100 MHz) d 158.96, 136.38, 127.76, 113.83,
75.39, 55.30.

(43) Furfuryl alcohol. 1H NMR spectrum (CDCl3, 400 MHz)
d 7.40 (d, J = 2.6 Hz, 1H), 6.38–6.31 (m, 1H), 6.29 (d, J = 3.0 Hz,
1H), 4.60 (s, 2H), 2.06 (s, 1H). 13C NMR spectrum (CDCl3, 100
MHz) d 154.00, 142.59, 110.37, 107.78, 57.44.

(44) 5-Methylfurfuryl alcohol. 1H NMR spectrum (CDCl3, 400
MHz) d 6.34 (dd, J = 3.2, 1.9 Hz, 1H), 6.29 (d, J = 3.0 Hz, 1H),
4.60 (s, 2H), 2.46 (s, 3H). 13C NMR spectrum (CDCl3, 100 MHz)
d 154.01, 142.60, 110.37, 107.78, 57.44, 15.32.

(45) 5-(Hydroxymethyl)furfuryl alcohol. 1H NMR spectrum
(CDCl3, 400 MHz) d 6.52 (d, J = 3.5 Hz, 2H), 4.72 (s, 4H). 13C
NMR spectrum (CDCl3, 100 MHz) d 152.35, 109.99, 57.58.

(46) Gamma-valerolactone. 1H NMR spectrum (CDCl3, 400
MHz) d 4.75–4.56 (m, 1H), 2.62–2.49 (m, 2H), 2.44–2.30 (m, 1H),
1.91–1.80 (m, 1H), 1.42 (d, J = 6.2 Hz, 3H). 13C NMR spectrum
(CDCl3, 100 MHz) d 177.31, 77.29, 29.68, 29.08, 21.04.

(47) Vanillyl alcohol. 1H NMR spectrum (CDCl3, 400 MHz)
d 6.76–6.58 (m, 2H), 6.30 (d, J = 8.5 Hz, 1H), 4.47 (s, 2H), 3.58 (s,
3H). 13C NMR spectrum (CDCl3, 100 MHz) d 151.71, 147.17,
129.89, 118.14, 114.40, 108.79, 60.34, 56.14.

(48) Cinnamyl alcohol. 1H NMR spectrum (CDCl3, 400 MHz)
d 7.37 (d, J = 7.2 Hz, 2H), 7.34–7.28 (m, 2H), 7.23 (dd, J = 10.8,
3.6 Hz, 1H), 6.60 (d, J = 15.9 Hz, 1H), 6.35 (dt, J = 15.9, 5.7 Hz,
1H), 4.30 (d, J = 5.7 Hz, 2H), 2.00 (s, 1H). 13C NMR spectrum
(CDCl3, 100 MHz) d 136.71, 131.11, 128.62, 128.54, 127.71,
126.50, 63.66.

(49) Perillyl alcohol. 1H NMR spectrum (CDCl3, 400 MHz)
d 5.92 (s, 1H), 4.94 (s, 2H), 4.22 (s, 2H), 2.35 (d, J = 10.0 Hz, 4H),
2.14 (dd, J = 46.4, 12.9 Hz, 2H), 1.96 (s, 3H), 1.88–1.64 (m, 2H).
13C NMR spectrum (CDCl3, 100 MHz) d 149.82, 137.24, 122.45,
108.66, 67.22, 41.14, 30.40, 27.46, 26.10, 20.79.

(50) Estradiol. 1H NMR spectrum (DMSO-d6, 400 MHz) d 9.03
(s, 1H), 7.04 (d, J = 8.4 Hz, 1H), 6.50 (dd, J = 8.4, 2.6 Hz, 1H),
6.43 (d, J = 2.5 Hz, 1H), 4.49 (d, J = 4.2 Hz, 1H), 3.52 (dd, J =
3420 | RSC Sustainability, 2024, 2, 3409–3423
11.4, 8.3 Hz, 1H), 2.70 (t, J = 7.5 Hz, 2H), 2.23 (dd, J = 13.2,
3.1 Hz, 1H), 2.06 (t, J= 8.6 Hz, 1H), 1.95–1.72 (m, 3H), 1.66–1.50
(m, 1H), 1.44–1.05 (m, 7H), 0.66 (s, 3H). 13C NMR spectrum
(DMSO-d6, 100 MHz) d 155.38, 137.59, 130.87, 126.49, 115.39,
113.18, 80.53, 50.00, 44.00, 43.28, 37.06, 30.37, 29.63, 27.42,
26.55, 23.25, 11.74.

Physical measurements

The FTIR spectra were recorded using a Cary 630 spectrometer
having a diamond ATR. NMR spectral measurements were done
with a Jeol 400 MHz spectrometer. Elemental analysis was
carried out using an Elementar Analysen Systeme GmbH Vario
EL-III instrument. Powder X-ray diffraction (PXRD) patterns
were obtained either with a Rigaku Table-Top XRD or a Bruker
AXS D8 Discover instrument (CuKa radiation, l = 1.54184 Å).
The samples were ground and subjected to a range of q = 5–60°
at a slow scan rate at room temperature. Thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
performed with a Shimadzu DTG-60 and TA-DSC Q200 instru-
ments, respectively, under a N2 atmosphere with a heating rate
of 10 °C per min. The nitrogen sorption isotherms were
collected using a Quantachrome gas sorption analyzer. Barrett–
Joyner–Halenda (BJH) model was used for the analysis of pore
size based on N2 adsorption. Gas chromatographic studies were
performed with a PerkinElmer Clarus 580 equipped with an
RTX-5SIL-MS column. Inductively coupled plasma mass spec-
trometry (ICP-MS) analysis was conducted using Agilent 8900
Triple Quadrupole equipment. Temperature-programmed
desorption (TDP) using NH3 and CO2 gases was carried out
using a BELCAT II Catalyst Analyzer from Microtrac Corp. The
samples were degassed at 150 °C for 2 h and then cooled to
room temperature for 30 min in a He ow. Aer the adsorption
of CO2 and NH3 at 50 °C, the temperature was increased to 400 °
C with 10 °C min−1. Given the thermal stability of MOF 1 up to
400 °C, the maximum desorption temperature for both NH3 and
CO2 was set at 400 °C.

X-ray diffraction studies

Single crystal X-ray diffraction data for MOF 1 was collected on
a Bruker SMART APEX-II CCD diffractometer equipped with
a graphite monochromatic MoKa radiation (l = 0.71073 Å).94

For MOF 1, SMART95 was used for collecting frames of data,
indexing reections and determining the lattice parameters;
SAINT95 for integration of the intensity of reections and
scaling; and SADABS96 for absorption correction. The frames
were collected at 293(2) K. The structure was solved by the direct
methods using SIR-97 (ref. 97) and rened by the full-matrix
least-squares renement techniques on F2 using SHELXL-97
(ref. 98) incorporated in Olex2 crystallographic package.99 All
calculations and structure renements were performed using
the Olex2 program. The hydrogen atoms were xed at the
calculated positions using the isotropic thermal parameters,
whereas non-hydrogen atoms were rened anisotropically. The
hydrogen atoms of the coordinated as well as uncoordinated
water molecules could not be located from the Fourier map;
however, their contributions are included in the empirical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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formulae. The crystallographic data collection and structure
solution parameters are presented in Table S1,† whereas
selected bond distances and bond angles are presented in
Tables S2 and S3.† CCDC 2334280 (1) contains the supple-
mentary crystallographic data for this paper.

Kinetic studies

A calibration curve was generated for the TH reaction of furfural
using benzene as an internal standard. The kinetics for the TH
of furfural was studied under rst-order conditions and moni-
tored by gas chromatography with respect to the concentration
of a substrate. The rate constant (k) was calculated from the
slope of the linear plot of ln(Ct/Co) against time, where (Ct/Co) is
the ratio of the concentration of substrate at a certain time ‘t’ to
that of initial time ‘0’.100

The activation energy was calculated by using the following
equation:

ln k = lnA – Ea/RT (1)

where A is the pre-exponential factor, Ea is the activation energy,
and R is the gas constant. According to the Arrhenius equation,
the rate constant (k) varies linearly with 1/T, expressed in the
equation. The activation energy was calculated from the slope of
a plot of ln k versus 1/T.83

Data availability

The data supporting this article have been included as part of
the ESI.† Crystallographic data for MOF 1 has been deposited at
the CCDC under accession number 2334280 and can be ob-
tained from [https://www.ccdc.cam.ac.uk/].
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