
RSC Advances

PAPER
Stimuli-responsiv
aDepartment of Chemistry, Hannam Unive

haeri.lee@hnu.ac.kr
bDepartment of Chemistry, Chonnam Nation

of Korea. E-mail: jacopo@jnu.ac.kr

† Electronic supplementary information
spectroscopic data, and crystallographic d
and 2364848. For ESI and crystallograp
format see DOI: https://doi.org/10.1039/d4

Cite this: RSC Adv., 2024, 14, 32655

Received 21st August 2024
Accepted 2nd October 2024

DOI: 10.1039/d4ra06058j

rsc.li/rsc-advances

© 2024 The Author(s). Published by
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In this work, we report a series of dinuclear Zn(II) complexes and their corresponding catalytic properties for

a transesterification reaction. We show that the structures and catalytic activity of the complexes are

strongly dependent on their molecular structures surrounding the metal centres. The use of halides

yields a series of [Zn2X4L] (X = Cl, Br, and I) complexes with low catalytic activity because of the fully

saturated coordination environment, whereas Zn(ClO4)2 results in two isomeric [ZnL]n 1D coordination

polymers with efficient catalytic properties, despite being susceptible to structural rearrangement and

consequent changes in catalytic activity over time. The response to chemical stimuli to trigger anion

exchange allows for switching on/off the systems' catalytic activity, simultaneously recovering the

catalytic effect upon degradation and thus reconstructing the coordination environment of the 1D polymer.
Research studies on catalytic effects of coordination-based
materials have piqued the interest of molecular engineers.
Controlling the coordination environment can modulate the
properties of such compounds.1,2 Among the several reactions,
transesterication is oen used as a benchmark to study such
structure–property relationships.3,4 This is because biodiesel
plays a pivotal role in fostering sustainable energy practices by
offering a renewable and biodegradable alternative to tradi-
tional fossil fuels while remaining compatible with existing
infrastructures.5–9 Its use contributes to reducing greenhouse
gas emissions, mitigating climate change, and enhancing
energy security by diversifying energy supply. Biodiesel
production entails the transesterication of feedstock oil with
alcohols to yield alkyl esters,10–14 oen in the presence of a metal
complex catalyst.15,16 In this context, the design of efficient,
cheap and sustainable catalysts plays a key role in improving
the transesterication reaction.17–20 Generally, homogeneous
catalysts demonstrate superior activity, while heterogeneous
catalysts offer advantages in terms of separation from reaction
solution and recyclability.8,21–24 In the latter case, access to metal
centres is challenging and a critical step towards compound
activity. The lability of ligands or coordinating anions needs to
be tuned to gain access to coordination sites without sacricing
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complex stability.25–27 Control of the anions can also be used to
tune complex charge, favouring an interaction with reaction
intermediates when charged.1 At the same time, solid state
packing can provide void spaces around metal ions in hetero-
geneous systems, thereby tuning substrate access to the cata-
lytic centre.28,29 The packing structure can be controlled by the
template, ligand bulkiness, coordination environment of metal
ions, and intrinsic anion effects.1,2,25,30,31 The structure of metal
catalysts for transesterication reactions can vary from
complexes,32–34 clusters,35–37 coordination polymers38–40 and
metal organic frameworks,41–43 with the latter two being partic-
ularly interesting for heterogeneous catalysis.44,45 In particular,
Zn(II) metal ions play a pivotal role in esterication and trans-
esterication reactions owing to their cheap, abundant, and
non-toxic nature.1–3,46 While a plethora of Zn(II)-based systems
have been reported and applied to substrates, ranging from
simple commercially available esters to vegetable oils,46,47 the
possibility to exploit coordination chemistry to develop stimuli-
responsive systems has been overlooked.24,29,42 For instance, the
addition or removal of coordinating anions can be exploited to
tune catalyst reactivity and generate a catalytic on/off switch.4

To study these aspects, we synthesized a series of complexes
based on Zn(II) metal ions (Fig. 1). Owing to the coordination
geometry versatility of its d10 electronic conguration and the
stable, yet dynamic, character of the coordination bonds, this
allows for structural versatility and control. These complexes
are based on a chelating ligand, (E)-N0,N0,N00,N00-tetra(2-pyridyl)-
2-butene-1,2-diamine (L) (details in the ESI, Fig. S1–S6 and
S8a†). The ligand design couples exibility from the butene
backbone and tertiary amines with the thermodynamic stability
from the chelating pyridines.
RSC Adv., 2024, 14, 32655–32660 | 32655
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Fig. 1 Synthetic diagram for zinc(II) complexes [Zn2X4L] (X=Cl, Br, and
I) and [ZnL]n, and their anion triggered structural conversion (colour
code: yellow, Zn2+; green, Cl−; purple, I−; grey, C; blue, N; red, O).

Fig. 2 Molecular structures (left) and packing (right) of [Zn2Cl4L] (a),
[Zn2I4L] (b), and cis-[ZnL]n (c) and trans-[ZnL]n (d). Colour code: yellow,
Zn2+; grey, C; blue, N; red, O; green, Cl; purple, I; H atoms are omitted
for clarity.
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The ligand has been combined with a variety of Zn(II) metal
precursors (ZnX2, X = Cl−, Br−, I−, ClO4

−). In all cases, this has
resulted in colourless crystalline materials in high yields, as
conrmed by single crystal and powder X-ray diffraction
(SCXRD and PXRD).

Using halide precursors results in a series of dinuclear
complexes with the general formula [Zn2X4L]. Such complexes
are insoluble in organic solvents, such as methanol, chloro-
form, tetrahydrofuran, and toluene, while the use of DMSO or
DMF dissolves the crystalline material upon complex dissocia-
tion. Thermogravimetric analyses (TGA) conrmed the
increased stability of the complex, showing decomposition of
[Zn2X4L] at 316 °C, 320 °C and 320 °C for X = Cl−, Br−, and I−,
respectively, compared to the ligand which melts at 117 °C and
decomposes at 190 °C (Fig. S5 and S7†). Interestingly, TGA data
show a direct decomposition to ZnO without loss of the crys-
tallization solvent, suggesting the absence of crystalline solvent-
accessible voids (vide infra). The reaction was carried in a 1 : 2
(L : M) stoichiometric ratio. However, the dinuclear compound
can also be obtained in high yields when using a 1 : 1 molar
ratio, proving the system stability and preference for such
dinuclear complexes. Single crystals of [Zn2X4L] suitable for
SCXRD were obtained upon assembly of the ligand and ZnX2 (X
= Cl−, Br−, I−) in a methanolic solution (Tables S1 and S2†). In
all three structures, the molecular structure consists of two
ZnX2 moieties at the side of the molecule, connected by one
bridging ligand (Fig. 2a and b). Free rotation of the pyridyl
groups and exibility of the tertiary amine result in a chelating
binding mode. Each neutral Zn(II) node shows a typical tetra-
hedral geometry with an X–Zn–X angle of 118.91(8)° for
[Zn2Cl4L], 118.31(3)° for [Zn2Br4L], and 119.55(2)° for [Zn2I4L].
Structural analysis shows no solvent-accessible voids in the
structure, in agreement with the TGA data (Fig. S7a–c†). The use
32656 | RSC Adv., 2024, 14, 32655–32660
of different anions impacts the intermolecular interactions,
inuencing their packing structures along with anions.
[Zn2Cl4L] and [Zn2Br4L] are isostructural with an intermolecular
p–p stacking of 3.45 Å (Fig. 2a). However, when using a larger
iodide anion, the intramolecular p–p stacking occurs between
the pyridyl moieties of the same ligand, resulting in folding of
the dinuclear complex and shortening the Zn/Zn distance.

When starting from Zn(ClO4)2, the resulting compound
crystallizes as 1D coordination polymers with the general
formula [ZnL(MeOH)2]n(ClO4)2n ([ZnL]n). We obtained single
crystals suitable for diffraction studies for two isomeric
compounds. In both cases, two ligands and two methanol
molecules coordinated with each metal centre, resulting in an
© 2024 The Author(s). Published by the Royal Society of Chemistry



Table 1 Condition screening for transesterification of 4-fluorophenyl
acetate (500 mmol) in 500 mL methanol solution

Entry Catalyst Mol% Yield at 1 ha

1 [Zn2Cl4L] 5 7.4%
2 [Zn2Cl4L] 10 9.9%
3 [Zn2Br4L] 5 Trace
4 [Zn2Br4L] 10 Trace
5 [Zn2I4L] 5 Trace
6 [Zn2I4L] 10 Trace
7 [ZnL]n 5 70.0%
8 [ZnL]n 10 94.2%
9 Zn(ClO4)2 + L 5 40.8%
10 Zn(ClO4)2 + L 10 40.5%
11 Zn(ClO4)2 10 0
12 Zn(ClO4)2 20 0
13 L 5 0
14 L 10 0

a The catalytic yield aer 1 hour of the reaction was determined by
integrating NMR spectra corresponding to the ratio of the substrate
and products.
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octahedral coordination. In one structure, the two coordinated
methanol molecules are in the cis-position. Meanwhile, in the
other case, they bind in the trans-position, giving cis-[ZnL]n and
trans-[ZnL]n 1D coordination polymers, respectively. In cis-
[ZnL]n, the O–Zn–O angles are 80.8(1)° and 82.4(1)° (Fig. 2c),
resulting in 1D zigzag chains, with perchlorate counter anions
andmethanol molecules lying between the chains. On the other
hand, in trans-[ZnL]n, the two methanol molecules are in the
trans-position with a O–Zn–O angle of 180.0(8)° (Fig. 2d),
resulting in a more linear 1D polymer. When directly precipi-
tating a crystalline powder for [ZnL]n, the powder XRD pattern
shows a mixture with the major presence of characteristic peaks
matching the pattern of trans-[ZnL]n. Upon exposing the powder
sample tomethanol at 50 °C under vigorous stirring, mimicking
the conditions for the follow up reaction studies, the pattern
gradually shied to an enriched cis-form over time, showing
a structural conversion via crystal-to-crystal transformation
(Fig. S10†). TGA analysis of the crystalline materials shows that
the compound is thermally stable up to 318 °C upon an initial
loss of solvent, compatible with the loss of methanol.
Combining a non-coordinating anion and weakly bound solvent
molecules results in a positively charged metal complex with
easy-to-access metal coordination, both desirable features for
catalytical properties.

Next, we investigated the catalytic activity of the synthesized
Zn(II) complexes towards transesterication reactions in meth-
anol. Initially, the four crystalline materials were tested using
a 4-uorophenyl acetate substrate as a case study to then apply
optimized conditions to a variety of substrates, as reported in
Fig. 3. The aromatic ester reacts with methanol to give the
relative aromatic alcohol and methyl acetate. The conditions
screened for 4-uorophenyl acetate are reported in Table 1. The
reactions were carried out in 500 mL methanol at 50 °C, with
a catalyst loading of 5 mol% or 10 mol%.

When employing 10 mol% of the [Zn2X4L] species (33 mg for
[Zn2Cl4L], 42 mg for [Zn2Br4L], 52 mg for [Zn2I4L], respectively),
the amount of methyl acetate and 4-uorophenol formed aer 1
hour is detected only in traces, except for [Zn2Cl4L] yielding
∼10% (entries 1–8). On the other hand, when 10mol% of the 1D
coordination polymer [ZnL]n (19.5 mg) is employed as a catalyst,
the reaction reaches a yield of 94.2% aer one hour, and rea-
ches full conversion to the desired product aer 100 minutes.
Fig. 3 Transesterification reaction scheme and scope of the used
substrates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Interestingly, combining the metal precursor Zn(ClO4)2 with L
directly in situ in the presence of the substrate results in the
formation of 4-uorophenol in a 40% yield aer 1 hour,
presumably due to the partial formation of the catalytic coor-
dination polymer. On the contrary, employing only one of the
two building blocks, either the metal salt or L, results in
a negligible product formation. When performing the same
reaction using [ZnL]n in iso-propanol or tert-butanol, the cata-
lytic activity at 50 °C is hampered. Meanwhile, it yields 11.4%
conversion when using iso-propanol at 70 °C (Fig. S11†). Based
on these results, we employed [ZnL]n with a catalyst load of 10%
in methanol on a larger scope of substrates, varying the
electron-withdrawing and electron-donating character of the
substituents.

The product formation over time was monitored by NMR
spectroscopy (Fig. 4 and S12–S17†), and cross checked by GC
analysis at selected time intervals of 50 and 100 minutes
(Fig. S18†). Among the selected substrates, 4-nitrophenyl
acetate and p-tolyl acetate are readily converted to 4-nitrophenol
and p-cresol with a quantitative yield within 1 hour. When
Fig. 4 Yield (%) of transesterification conversion over time for various
substituted phenyl acetates.

RSC Adv., 2024, 14, 32655–32660 | 32657



Fig. 5 Anion-triggered switching of catalytic properties with Sub-2 (†
free L).

Fig. 6 Powder XRD patterns for anion exchange. [ZnL]n crystals (a),
used as catalysts in transesterification reaction for 5 cycles, were
converted into [Zn2Cl4L] (b) after reaction with NH4Cl. Subsequently,
(b) was treated with AgClO4 to obtain [ZnL]n (c) (* AgCl).
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pentauorophenyl acetate is used as a substrate, the reaction is
slower and reaches 85% yield aer 150 min. The non-
substituted phenyl acetate substrate reactivity is even slower,
reaching 40% conversion aer 100 min, as detected by NMR
analysis (Fig. S15 and S16†). The catalysts can be recovered by
ltration with 99% yield. Aer the rst cycle, the recovered
catalyst shows similar performances as the starting materials
with recyclability of the catalyst up to 5 cycles. Meanwhile, with
a minimal loss of the compound, it shows a structural change
that results in a less efficient catalysis, slowing down the time
required to achieve 100% substrate conversion (Table S3†).
Catalysts were examined by PXRD (Fig. S19†) before and aer
the reaction. The PXRD pattern shows some changes, in
a similar manner to the structural conversion previously
observed while heating and stirring inmethanol (Fig. S10†). The
signicant difference in reactivity between [Zn2X4L] and [ZnL]n
can be explained by the difficulties in coordinating the metal
centre when bound to halide ions, together with a role of the
coordination complex charge, which can help in stabilizing an
intermediate species, thus lowering the reaction activation
barrier.

The proposed mechanism (Fig. S22†), by comparison with
literature reports, involves three steps. At rst, the substrate
carbonyl coordinates to Zn(II), followed by a nucleophilic attack
from methanol. Then, the elimination and rearrangement of
the intermediate result in the formation of phenols and methyl
acetate. This mechanism is effective only when metal coordi-
nation sites are accessible to the solvent, otherwise rendering
the catalytic properties ineffective. Based on this, we investi-
gated the systems' response to the addition or removal of
halides to create a stimuli-responsive switch for turning on/off
the catalytic performances (Fig. 5). Employing [Zn2Cl4L], the
substrate reactivity is not activated. However, the addition of
AgClO4 results in an anion exchange, followed by precipitation
of AgCl, and an activation of the metal complex catalytic prop-
erties (Fig. 5, red). The catalyst can be activated before the
addition of the substrate, or by addition of the silver salt in
a premixed and preheated reaction mixture. Both cases trigger
the phenol formation. Addition of AgClO4 corresponds to the
time 0 when the switch is turned on, and the reaction reached
100% yield conversion aer 1 h, 30 min (Fig. S20†). To trigger
the switch off, NH4Cl is added to a suspension of [ZnL]n in
methanol, leading to the opposite anion exchange. Chloride
anions coordinate the metal centre, rendering the complex
neutral, blocking available coordination sites and partially
releasing some ligand to balance the stoichiometry, resulting in
no catalytic activity (Fig. 5, blue). Besides a switch of the cata-
lytic properties, this process allows for the regeneration of the
initial [ZnL]n structure aer running the transesterication
reaction for a few cycles.

The composition of the crystalline material upon anion
exchange aer running the reaction for 5 cycles was conrmed
by PXRD patterns (Fig. 6). The possibility to tune the structure
by modulation of the counterion offers a possibility to regen-
erate a catalyst to initial efficiency by undergoing structural
change with progressive reduction of the catalytic efficiency.
32658 | RSC Adv., 2024, 14, 32655–32660 © 2024 The Author(s). Published by the Royal Society of Chemistry
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In conclusion, we elucidated the signicant role of zinc(II)
complexes and coordination polymers in catalysing trans-
esterication reactions. Control of the initial building blocks
allows us to control the metal coordination geometry, charge of
the complex, structure, and solid-state packing. Such features
reect on the catalytic properties towards transesterication
reactions on 5 different substrates. When halides are used in
[Zn2X4L], the systems' reactivity is hampered. Meanwhile, the
use of 1D coordination polymers [ZnL]n with ClO4

− anions
results in an efficient and recyclable catalyst under mild
conditions. Finally, the response to chemical stimuli, as the
addition or removal of Cl− ions, acts as an on/off switch to
trigger the catalytical properties, which can be applied as
a regeneration method aer losing catalytic efficiency. The
ndings underscore the importance of metal precursor selec-
tion in inuencing catalytic efficiency, and highlight the inno-
vative approach of anion exchange to regulate catalytic activity.
This work not only advances our understanding of metal–
organic catalysts, but also suggests possible pathways for the
development of tunable catalysts for potential green chemistry
applications. Our research contributes to the broader objective
of enhancing catalytic processes through the strategic design of
metal complexes and their structural transformations.
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