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Three new copper(l) compounds, formulated as [Cu(pdc)(Hstea)(H,O)l (1), [Cux(pz-pdc)(DMF)

(H20)21,,-2nH,0 (2) and [Cux(u4-pdc)2(H20)3],-3nHL0O (3), were generated from copper (i) nitrate, 3,4-pyri-
dinedicarboxylic acid (Hopdc), and triethanolamine (Hstea). Their crystal structures revealed a discrete 0D
complex (1) as well as 2D (2) and 3D (3) coordination polymers (CPs). The obtained compounds were
screened as precatalysts for the oxidation of terpenes with molecular oxygen as the oxidizing agent and
t-BuOOH as the radical initiator. The relationship between the precatalyst structures and the accumu-
lation of a-pinene oxidation products was investigated. Among the three compounds, compound 2
revealed the best activity in a-pinene oxidation. Under the optimized conditions, the conversion of
a-pinene reached ~90%, yielding pinene oxide, verbenyl hydroperoxide, verbenol, and verbenone as the
main products. Furthermore, compound 2 can catalyze the oxidation of (+)-valencene with O, to give
(+)-nootkatone. This study showcases the successful synthesis of three new copper-pyridinedicarboxylate
derivatives, among which the 2D coordination polymer 2 acts as a particularly efficient precatalyst for
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10th anniversary statement

upgrading terpenes into value-added oxyfunctionalized products.

For a decade, Inorganic Chemistry Frontiers has stood as a leading venue for pioneering research in inorganic chemistry. Serving as both authors and
reviewers, we have enjoyed contributing to its remarkable growth. Our laboratory (MINDlab: Molecular Design & Innovation Laboratory) has published

several articles that link the molecular design and synthesis of metal complexes & coordination polymers with their catalytic and functional properties. The
present study extends this line by presenting new catalysts for the conversion of renewable terpenes into value-added products. Many of these projects arose
from collaborations with colleagues in China, showcasing the journal’s role to strengthen scientific cooperation between Portugal, China and the global com-
munity. We congratulate the editors and all staff on this 10-year milestone and look forward to the discoveries in inorganic chemistry the next decade will

unveil.

Introduction

Catalytic oxidation processes are essential for upgrading in-
expensive, readily available, and renewable feedstocks, such as
terpenic  olefins, into  valuable  oxygen-containing
compounds.’” o-Pinene is the most widely available terpene,
particularly as a byproduct of the paper and forest
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industries.”>™ Its oxidation products, such as verbenol and ver-
benone, are valuable molecules, as evidenced by their signifi-
cantly elevated prices relative to o-pinene.” The oxygenated
derivatives of a-pinene are known for their biologically active
properties, such as those exhibited by verbenone (antibacter-
ial, antimicrobial, and anti-inflammatory)®® and verbenol
(anti-ischemic and antioxidant).”® Additionally, a-pinene
oxide can be used in the synthesis of fragrances.'® Hence,
there is a demand for developing new catalytic systems and
protocols for the oxidative functionalization of a-pinene into
value-added products."**?

Among the oxidants that can be used for the oxidation of
a-pinene, molecular oxygen stands out as the most desirable
due to its abundance, low cost, and environmentally friendly
nature.”® Although various studies have been conducted on
the oxidation of terpenes with molecular oxygen, many of
these processes still face challenges associated with moderate
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conversions and/or selectivity,'*® as well as the requirement
for complex catalytic systems, involving precious metals
(Pd,*® v,*° Ti*"***), undesirable organic solvents,*® high press-
ures or long reaction times.>* These factors hinder the develop-
ment of more sustainable reaction media.

In 2005, Sheldon argued that “the best solvent is no
solvent”.”® In this context, added-solvent-free catalytic oxi-
dations of terpenes with molecular oxygen are particularly
attractive, especially within the context of green chemistry,
aiming to promote the development of more environmentally
friendly processes through waste minimization and
valorization.”®?” An interesting oxidation system, using dioxy-
gen as the oxidant and a-pinene as the substrate, was devel-
oped on the basis of hierarchically ordered nanostructured
MnO, as the catalyst.?® Although this catalyst has shown
appealing catalytic behavior in the allylic oxidation of a-pinene
to verbenone, the reproducibility of the catalytic synthesis
posed some challenges.”® Another study focused on the oxi-
dation of a-pinene, wherein the impact of the nature of the
metal on the product distribution over mesoporous metal-
organic frameworks (MIL-101) was emphasized. Chromium-
based catalysts favored selectivity to verbenone, while iron cat-
alysts led to the formation of alcohol and peroxide
derivatives.'>'® Despite several examples of added-solvent-free
oxidations with dioxygen over different transition-metal cata-
lysts, the application of copper(u)-based catalytic systems for
the oxidation of renewable feedstocks such as terpenes, and
particularly a-pinene, remains limited.

Given the inherent nature of copper ions and their influ-
ence on the oxidation of hydrocarbon substrates,**™** motiv-
ation has been growing for utilizing this inexpensive, biorele-
vant, and redox-active transition metal in catalysis.>®**** The
field of copper coordination chemistry has seen significant
advancements,*® largely attributed to the widespread use of
copper complexes and coordination polymers (CPs) in catalytic
systems.>*™** A wide diversity of copper(u) coordination com-
pounds can be produced by combining a metal source, a car-

17,18
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boxylate ligan and an amino alcohol chelator.
Overall, the use of copper(u)-based catalytic systems for the oxi-
dation of a-pinene, with molecular oxygen as the primary oxi-
dizing agent, can be considered a sustainable approach.>>

Following the above discussion, the main goals of the
present study are the synthesis of new copper(i) coordination
compounds and their application as precatalysts in the added-
solvent-free oxidation of a-pinene with dioxygen as the main
oxidant and #BuOOH as the radical initiator. Three new
copper-based coordination compounds, [Cu(pdc)(Hstea)(H,O0)]
(1), [Cuy(ps-pdc),(DMF)(H,0),],-:2nH,O  (2) and  [Cup(py-
pdc),(H,0)3],:3nH,0 (3), were thus generated from similar
reaction systems composed of copper(u) ions and 3,4-pyridine-
dicarboxylic acid (H,pdc) as the linker ligand, but under
different conditions, namely, reflux, solvothermal treatment,
and room-temperature self-assembly with distinct crystalliza-
tion mediators (triethanolamine, dimethylformamide (DMF)
and pr-2-amino-1-butanol, respectively).>>>® One of the objec-
tives of this work was to explore the assembly of structurally
different products from the systems containing copper(u) ions
and 3,4-pyridinedicarboxylic acid as the main building blocks.
The particular interest in H,pdc is explained by its coordi-
nation versatility and its potential to promote hydrocarbon oxi-
dation reactions. A detailed description of the synthesis,
characterization, structural features, and catalytic behavior of
the obtained copper(i) compounds is given below.

Experimental
General synthetic procedure for 1-3

In all the syntheses, 3,4-pyridinedicarboxylic acid (H,pdc;
0.5 mmol, 83 mg) was dissolved in water (5 mL), followed by the
addition of aqueous NH,OH (4 mmol, 1 mL, 4 M) to produce
reaction solution A (Fig. 1). In parallel, solution B was prepared
by mixing an aqueous solution of Cu(NOj3),-3H,0 (1.0 mmol,
1.0 mL, 1 M) with different mediators of crystallization, namely,

D HO™™Y \)OH
N . <
4+  Cu(NOs), 3= p ¥
— C 1.2 mmol 8 %
Solution A (H,O 5mL) 'I'rigl:llaannlanlﬁnc <t *
-0 mmo! o4 1
oMo ﬂ?&—, =% __ 1day _ )} a A~
1) | L — N 3 <
Sy ToH NH,4OH N H Reflux System
- + 4 mmol — \g/ + Cu(NO3), (60°C) (€9]
3.4-Pyridinedicarboxylic acid DMF 1.2 mmol
1.0 mmol ’
1)) -
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Fig. 1 Schematic representation of the syntheses of 1-3.
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triethanolamine (Hstea, 1 mmol, 149 mg) for 1; dimethyl-
formamide (DMF, 1 mmol, 73 mg) for 2; and bi-2-amino-1-
butanol (0.1 mmol, 8.92 mg) for 3. In all cases, solution B was
stirred for 15 min and transferred to solution A under constant
stirring for 30 min at 60 °C. This final reaction mixture was fil-
tered to remove any undissolved species and subjected to
different methods of crystallization. For 1, the resulting reaction
mixture was subjected to reflux for 12 h at 60 °C. For 2, the reac-
tion mixture underwent solvothermal conditioning for 24 h at
120 °C, with a cooling rate of 20 °C h™. Finally, for 3, the
mixture was transferred into several glass vials that were kept
open to the air allowing for slow evaporation at room tempera-
ture (Fig. 1). Blue crystals of compounds 1 and 2 were formed
within 12 h after the experiments, resulting in 70-80% and
75-85% yields based on copper(u) nitrate, respectively. However,
the formation of bright blue crystals of 3 required a longer time
(20 days) and led to a low product yield (5% based on copper(i)
nitrate). These different crystallization methods were employed
to obtain a diverse set of self-assembled copper(i) coordination
compounds with varied structures, stability, and properties.

We also found an interesting correlation between the use of
triethanolamine (in the synthesis of 1) or DMF (in the syn-
thesis of 2) and the final yields of products. Higher amounts
of these reagents led to increased product yields. For example,
doubling the amounts of Hstea and DMF from 1 to 2 mmol,
resulted in ~10% superior yields of 1 and 2. Unfortunately,
our attempts to optimize the yield of compound 3 were not
successful.

Analytical data: [Cu(pdc)(Hjtea)(H,O)] (1), calculated for
CuC,3H,oN,05 (MW 395.85): C, 39.40%; H, 4.90%; N, 7.07%.
Found: C, 39.37%; H, 5.00%; N, 7.01%. TGA (450 °C): for-
mation of CuO (remaining sample weight: exp. 19.0%, calcd
19.3%). FTIR-ATR (KBr, cm™'): 3250 (m br) y(OH/H,0), 2920
(w) ¥(CH), 1591 (m) 1,5(CO0), 1483 (W) 15(COO), 1382 (s), 1168
(w), 1045 (m), 873 (W), 700 (w). [Cuy(us-pdc),(DMF)
(H20),],-2nH,0  (2), calculated for Cu,Ci;H,3N30;, (MW
600.43): C, 33.88%; H, 4.50%; N, 6.67%. Found: C, 33.84%; H,
4.28%; N, 6.86%. TGA (450 °C): formation of 2CuO (remaining
sample weight: exp. 24.7%, caled 25.1%). FTIR-ATR (KBr,
em™): 3454 (m br) y(OH/H,0), 2828 (w) v(CH), 1652 (s)
Y(C=0), 1620 (5) 1a5(CO0), 1483 (W), 1394 (W) v5(COO), 1278
(s), 839 (w), 688 (w). [Cuy(ps-pdc),(H,0)3],-30nH,0 (3), calcu-
lated for Cu,C,4HgN,014 (MW 573.32): C, 29.30%; H, 3.83%;
N, 4.88%. Found: C, 29.50%; H, 3.74%; N, 4.87%. FTIR-ATR
(em™): 3493 (m br) ¥(OH/H,0), 2874 (w) 1(CH), 1631 (m), 1551
(8) vas(COO), 1483 (w), 1585 (s) 1385 (s) v5(COO), 1221 (m) 1029
(w), 904 (w), 717 (w), 522 (m). Additional characterization
details are given in the ESI, Fig. S2-S6.}

Single-crystal X-ray diffraction

For compounds 1-3, suitable, blue-colored single crystals were
selected and examined by X-ray diffraction. The data were col-
lected using a Bruker APEX-II CCD diffractometer, using f and
w scans with Mo-Ka radiation (I = 0.71073 A). Data reduction,
scaling and absorption corrections were performed with SAINT
V8.40B for 1°* and CrysAlis PRO for 2 and 3.>® The structures

This journal is © the Partner Organisations 2025
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of 1-3 were solved using ShelXT 2014/5,>® ShelXS 2008, and
ShelXT 2014/5,>° respectively. Olex2>® served as the graphical
interface for molecular visualization of structures, while
ShelXL 2018/3%° was employed for computational structure
refinement, using full-matrix least-squares minimization on
F?. Compound 2 exhibits twinning, which was addressed by
applying a 180-degree rotation around the [001] axis during
the refinement process. A BASF twin parameter of 0.385 was
included to account for the effects of twinning on the crystal
structure. Additionally, compound 3 contains disordered water
molecules, which were partially modeled without compromis-
ing the overall structural integrity. All non-hydrogen atoms
were refined anisotropically. Most of the hydrogen atom posi-
tions were calculated geometrically (C-H = 0.87-0.98 A) and
refined using the riding model with Uis(H) = 1.2Ucq(C) or
1.5Ucq(C) for H atoms bound to O atoms when applicable.
X-ray crystallographic details for all compounds are provided
in Table 1 (other selected geometric parameters can be found
in Tables S1-S6, ESIf). The CCDC codes are
2389084-2389086.7

Powder X-ray diffraction (PXRD)

A D8 Advance diffractometer, which was equipped with a Cu-
Ka radiation source (4 = 1.54056 A) was set to operate at 40 kv
and 30 mA, with a nickel filter and a LynxEye linear detector.
Diffraction patterns were obtained within a 26 range of 5° to
50°, employing a standard step size of 0.02° and a counting
duration of 0.5 to 1 s for each step with a divergence slit
measuring 0.6 mm and primary/secondary Soller slits of 2.5°.
To confirm the purity of the microcrystalline products, experi-
mental diffractograms were compared to simulated patterns.
Additional details are provided in the ESI (Fig. S7 and S87).

General procedure for oxidation of terpenes

Initially, 1 mL of substrate (6.30 mmol of a-pinene or
4.50 mmol of (+)-valencene) was placed into a 25 mL round-
bottom flask equipped with a reflux condenser, a magnetic
stirring bar, and a glass bubbler for oxygen supply from a
cylinder. Oxygen flow was controlled via apparatus attached to
the system, with a typical flow rate of 14 mL min™" (Fig. S137).
Additionally, a minor amount of -BuOOH (TBHP, 70% solu-
tion in H,O, 7.5-30.0 pmol) was added as an initiator along
with an appropriate amount of precatalyst (0.035-0.35 mmol).
The flask containing all the reagents was immersed in an oil
bath and stirred at 800 rpm (20 mm magnetic stirring bar).
The reaction was carried out at 60-85 °C for 9 h. Agitation of
the reaction mixture was stopped 5 min before collecting the
aliquots to ensure that the precatalyst settled at the bottom of
the reactor. The aliquots (12 pL) were diluted with acetonitrile
(400 pL) and analyzed by gas chromatography (GC) using nitro-
methane (9 pL) as an internal standard. At the end of the reac-
tion, the resulting solution was centrifuged at 7000 rpm for
2 min. Then, the precatalyst was separated by filtration,
washed with ethanol three times and dried at room tempera-
ture, followed by powder X-ray diffraction analysis. The yields
of verbenyl hydroperoxide were estimated via double injection

Inorg. Chem. Front,, 2025, 12, 5003-5015 | 5005
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Table 1 Crystal data and structure refinement details for 1-3
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Compound 1 2 3
Formula [Cu(pdc)(H,tea)(H,0)] {[Cus(12pd)o(DMF)-(H0), ) 27H,O} {[Cus(ps-pdce),-(H,0)5],-3nH,0}
Deare/g cm™ 1.687 1.579 1.751
p/mm™! 1.450 1.750 2.032
Formula weight 395.85 600.43 573.32
Crystal system Orthorhombic Monoclinic Tetragonal
Space group Pca21 P21/c P43212
alA 14.0769(11) 11.4716(4) 9.5386(1)
b/A 8.0331(6) 13.2902(4) 9.5386(1)
c/A 13.7851(11) 16.5985(6) 23.9111(3)
al® 90 90 90

pl° 90 93.503(3) 90

y/° 90 90 90

V/A® 1558.8(2) 2525.88(15) 2175.55(5)
zZ 4 4 4
Radiation type Mo Ko Mo Ka Mo Ka
Measured refl’s 19 645 6574 41124
Indep. Refl’s 2935 6574 1998
Refl’s I > 26(I) 2844 6454 1996

Rint 0.023 0.163 0.044
Parameters 221 328 157
Restraints 1 0 0

GoF 1.081 1.210 1.107

WR, 0.046 0.212 0.235

Ry 0.018 0.076 0.080

of the reaction mixture before and after its treatment with
excess triphenylphosphine (PPhj;) to selectively reduce verbenyl
hydroperoxide into verbenol.®*"®* All references for the quanti-
tative monitoring of products by GC were confirmed by NMR
and/or GC-MS (Fig. S24-S29t). Additional experimental details
are given in the ESIL.}

Results and discussion
Synthesis and characterization of 1-3

The copper(un) coordination compounds 1-3 were generated
using different methods of synthesis and crystallization,
namely, reflux, solvothermal treatment, and room-temperature
self-assembly, respectively. The reactions were performed in an
aqueous ethanol solution using H,pdc as the main ligand and
an excess of Cu(NO3)-3H,0 (2.4 equivalents). The reaction mix-
tures also included a crystallization mediator, selected from
triethanolamine (Hstea), dimethylformamide (DMF), or pL-2-
amino-1-butanol, as well as a base (aqueous NH,OH) to main-
tain the pH value close to 9. The obtained products [Cu(pdc)
(Hstea)(H,0)] (1), [Cuy(ps-pdce),(DMF)(H,0),],-2nH,0 (2), and
[Cuy(py-pdce),(H,0);5],-3nH,0 (3) were isolated as pure micro-
crystalline solids and fully characterized by FTIR spectroscopy,
elemental and thermal analyses, and powder and single-crystal
X-ray diffraction. FTIR-ATR spectroscopic data of 1-3 show
typical broad absorption bands at 3600 and 3300 cm™*
(Fig. S2-S47) related to the v(OH) vibrations of water and OH
groups in Hstea. Strong absorptions at 1591 and 1382 cm™" for
1, 1620 and 1394 cm ™" for 2, and 1551 and 1385 cm ™ for 3 are
attributed to v,4(COO) and v4(COO) bands of deprotonated and
coordinated pdc®~ ligands. Additional bands in the

5006 | /norg. Chem. Front, 2025, 12, 5003-5015

1650-1400 cm ™" region correspond to aromatic C-C, C=C and
C=N vibrations. There is also an intense (C=0) band from

DMF in 2 at 1652 cm ™.

Structural description

The structure of [Cu(pdc)(Hstea)(H,0)] (1) was revealed to be
that of a monocopper(un) complex crystallized in an ortho-
rhombic crystal system with the space group Pca2, (Tables S1
and S21). The 6-coordinated Cu(u) atom adopts a {CuO4N,}
environment filled by three O atoms from triethanolamine
and a terminal H,O ligand in equatorial sites, while the axial
positions are taken by the N atoms from Hstea and p-pdc’”
(Fig. 2). The latter acts as an N-bound terminal ligand and is
totally deprotonated. Despite the distorted octahedral coordi-
nation (Op) environment, the geometry around the copper
atom adopts an almost square-based pyramidal configuration,
with a geometric parameter 75 of 0.04 [d(Cu-O) < 2.5 A]. This is
because the structure clearly exhibits Jahn-Teller distortion,
showing elongated bond lengths along the O1-Cu-O4 axis,
Cu-01 [2.316(19) A] and Cu-04 [2.525(3) A], which results in a
subgroup pyramidal configuration (Cy,).>"®” This effect causes
the amino alcohol arm to arrange itself in a way that creates
steric hindrance, restricting access to the copper core, which
may serve as a potential catalytic site. The hydrogen bonds in
compound 1 contribute 48.7% to the overall stability of the
crystallized network. The strongest interaction energies,
—222.6 and —164.7 k] mol™, are associated mainly with the
interactions between the carboxylate groups of pdc®>~ and the
OH functionality of the amino alcohol ligand. The lattice
energy (Epwice = —656.2 kJ mol™'), calculated using
CrystalExplorer software with B3LYP/6-31G(d,p) wave functions
and a 3.8 A radius, indicates that these relatively strong

This journal is © the Partner Organisations 2025
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Fig. 2 Crystal structure fragments of compound 1, [Cu(pdc)(Hstea)(H,O)l. (a) Polyhedral representation of the mononuclear copper(i) unit, [Cu
(Hstea)>*. (b) Left: H-bonded motifs a and b; right: simplified representation of crystal packing with the sqc topology through H-bonding inter-
actions. Solvent molecules and hydrogen atoms have been omitted for clarity. Color codes: Cu: green; O: red; N: blue; C: gray.

H-bonds play a key role in stabilizing the structure of the com-
pound in the reaction medium (Fig. 2b). A topological
approach (ToposPro software®®) was used to investigate the
H-bonds and connectivity of the crystal packing in 1. It is
stabilized by intermolecular O-H---O hydrogen bonds, rep-
resented by the a and b motifs in Fig. 2b, which are the
primary interactions within the crystal lattice. Focusing on the
strong D-H---A H-bonds [H---A < 2.75 A, D---A < 3.50 A, and
4(D-H---A) > 120°], the resulting H-bonded network is
described as a 6-connected uninodal net with a point symbol
of (4'%-6%), classified within the sqec topological type.®®

The  structural  analyses of  [Cuy,(ps-pdc),(DMF)

(H20),],-2nH,0 (2) and [Cu,(py-pdc)a(H,0)3],-3nH,0 (3) reveal
polymeric networks with distinct coordination polymer struc-
tures. Their type is significantly influenced by the synthetic
methodology employed. Compound 2 crystallizes in a centro-
symmetric monoclinic system (space group P21/c), leading to
(2D) coordination

the formation of a two-dimensional

a)

polymer. It features two independent copper coordination
units: one displaying an almost ideal square pyramidal
arrangement {CuO;N,} (z5 = 0.09)”° and the other one exhibit-
ing a distorted square planar geometry {CuO,} (5 = 0.20 and
74 = 0.19)"" (Fig. 3a). In this structure, the central copper units
are cross-linked through ,-pdc®” ligands, forming a 2D
metal-organic layer with windows of 11.48 x 8.06 A (Fig. 3b
and S107). However, these potential spaces are occupied by co-
ordinated DMF molecules because of the intercalated crystal
packing of the 2D layers along the bc plane (Fig. 3c). In con-
trast, the crystal structure of 3 forms a three-dimensional (3D)
CP in a tetragonal crystal system (P432,2). As in the case of 2,
compound 3 features two distinct copper coordination
environments (Fig. 4), but with different geometries: a dis-
torted square pyramidal {CuO;N,} (75 = 0.23) environment, (I),
and a distorted octahedral {CuOg} environment, (II). The latter
contains four p,-pdc®” ligands and two coordinated water
molecules. Although pr-2-amino-1-butanol was present in the

Fig. 3 Crystal structure fragments of 2, [Cu,(us-pdc)(DMF)(H,0),],-2nH,0. (a) Polyhedral representation of mononuclear copper(i) motifs, [Cu
(H,0),12* and [Cu(DMF)]?*. (b) Right: representation of the 2D metal—organic layer viewed along the ab plane. Left: topological representation of the
mcm network, composed of Cu(i) units (green color) and centroids of ps-pdc?™ ligands (gray color) (c). Intercalated crystal packing of the 2D layers,
viewed down the crystallographic a-axis, with spaces occupied by DMF ligands. Solvent molecules and hydrogen atoms have been omitted for

clarity. Color codes: Cu: green; O: red; N: blue; C: gray.
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Fig. 4 Crystal structure fragments of compound 3, [Cu,(p4-pdc)2(H20)s],-3nH0. (a) Moiety fragment highlighting the copper(i) units, [Cu(H,0),1%*
and [Cu(H,0)1%*. (b) Right: representation of the 3D supramolecular arrangement along the bc plane, showcasing the 3D network. Left: topological
representation of the ant network, showing the centroids of the {Cu,(COO),} (green) and p4-pdc®™ (gray) nodes. Water solvent molecules present in
the network have been omitted for clarity. Color codes: Cu: green; O: red; N: blue; C: gray.

reaction medium, it does not coordinate to the copper centers.
Instead, it functions as a template and assists in the crystalli-
zation of 3. The average bond distances in both CPs are con-
sistent with typical values for such compound types, with
davg(Cu-0) of ~1.99 A and du(Cu-N) of ~2.00 A (ref. 48)
(Tables S5 and S6, ESI).

Similar to the analysis conducted for 1, the topological
description of 2 and 3 can provide insights into their structural
connectivity.”> The lattice of 2 is constructed from three
nodes: ps-pdc®”, [Cu(H,0),]**, and [Cu(DMF)]**. However, the
[Cu(H,0),]*" moiety was disregarded as it does not contribute
to the effective extension or connectivity within the crystal
structure of the 2D network. Consequently, the lattice is classi-
fied as an mem-type (p4gm) net,”® defined as a 2-nodal 3,4-
connected net with a point symbol of (5°),(5*-8%), wherein the
(5°) and (5*-8%) notations correspond to the 3-connected pj-
pdc®™ and 4-connected [Cu(DMF)]** nodes, respectively.®® The
structure reveals a highly coordinated framework with
enhanced exposure of copper centers on the surface. Based on
the PXRD data of 2, it is apparent that the crystallographic
faces (011), (002), (202), (20—2), and (221) may play a role in
enabling interactions with external molecules acting as sub-
strates (Fig. S9t). Indeed, a surface-colored topological analysis
of 2 highlights the efficient distribution of [Cu(DMF)]** and
[Cu(H,0)]*" centers throughout the network, making this com-
pound promising for applications in catalysis. For compound
3, the dicopper(i) {Cu,(COO),} motifs and p,-pdc®” moieties
are considered as 6- and 3-connected nodes, respectively,
resulting in a binodal 3,6-connected net (Fig. 4b). This
network is classified as ant (anatase, I41/amd)®>”® and has a
point symbol of (4>-6),(4*-6>-8%10).

Oxidation of a-pinene

The study of a-pinene oxidation provides a useful model for
optimizing the reaction conditions."* Hence, the catalytic per-
formance of 1-3 was investigated in an added-solvent-free oxi-

5008 | /norg. Chem. Front, 2025, 12, 5003-5015

dation of a-pinene in the presence of molecular oxygen and
t-BuOOH (TBHP) as a radical initiator.”* The reactions were
carried out at 60-85 °C for 9 h, and the main monooxygenated
derivatives obtained were verbenone, pinene oxide, and verbe-
nol (Scheme 1). It should be mentioned that compounds 1-3
are not completely intact in the reaction systems containing
the oxidant and radical initiator and thus act as precatalysts
for copper-based catalytically active species.

The conversion of a-pinene and the accumulation of the
main products with time in the presence of 1-3 are shown in
Fig. 5. Both 1 and 2 lead to a similar conversion pattern, with
~90% of a-pinene conversion after 9 h. In the reaction with 3,
80% conversion is achieved under the same conditions.
Notably, 2 demonstrates superior catalytic performance, result-
ing in verbenol, verbenone, and pinene oxide yields of 14%,
23%, and 14%, respectively. Precatalysts 1 and 3 lead to
similar yields of verbenol and verbenone (6% and 11%,
respectively), while the yields of pinene oxide are in the range
of 7.0-9.5%. The slightly inferior performance of these two
precatalysts might be related to the lower content of Cu®" in 1
or the reduced availability of copper sites in 3. The structural
characteristics of 1 and 3 may hinder their interaction with
terpene molecules, resulting in moderate total product yields
(~25%). Unlike its counterparts, compound 2 features a more
favorable structure for the catalytic oxidation of a-pinene,
resulting in a total product yield of ~51%, which is two-fold

Cu-catalyst
TBHP + (@L‘f‘ +
o s 1

o) OH : :

T=70°C : OOH
i Pinene Peroxide;

\@L

a-Pinene

Verbenone Pinene Oxide Verbenol

Scheme 1 Schematic representation of a-pinene oxidation in the pres-
ence of O,.
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Fig. 5 Oxidation of a-pinene catalyzed by 1 (v), 2 (m), 3 (a) and without
copper catalyst (®). Conditions: «-pinene (1 mL), catalyst (15 pmol),
TBHP (70% aq., 0.35 mmol), 9 h, 800 rpm, 70 °C, O, (14 mL min™? =
34.4 mmol h™). (a) Conversion of a-pinene. Accumulation of monooxy-
genated derivatives: (b) pinene oxide, (c) verbenol, and (d) verbenone.

higher than those shown by the systems containing 1 and 3.
This superior performance of 2 can be attributed to the pres-
ence of Cu”" on the surface of the 2D metal-organic layer
(Fig. S9, ESI{) as well as the presence of a labile DMF ligand
that can be decoordinated, thereby facilitating the interaction
of metal centers with the oxidizing species. Consequently,
compound 2 was identified as the most promising precatalyst
for further investigation.

To explore the impact of TBHP as a radical initiator in the
oxidation of a-pinene, different concentrations of this initiator

View Article Online

Research Article

(0.035 mmol, 0.15 mmol, and 0.35 mmol) were tested in the
presence of 2 (15 umol). Fig. S16} presents an overview of this
investigation, demonstrating a similar pattern for the conver-
sion of a-pinene across all concentrations, with 90% conver-
sion after 9 h. However, a higher concentration of TBHP
(0.35 mmol) results in better yields of products: 14% pinene
oxide, 14% verbenol, and 23% verbenone. At a lower amount
of TBHP (0.035 mmol), the yields are inferior (Table S87).

Aqueous H,0, was also tested as a possible radical initiator
for Cu-catalyzed a-pinene oxidation in the presence of O,.
However, the use of H,O, results in a lower total product yield,
20.5% vs. 51%, in the presence of the same amount of TBHP
(0.35 mmol) (Fig. S17 and Table S91). No oxidation was
observed with O, in the absence of any radical initiators and
in the presence of the Cu(u) precatalyst.

In the present catalytic system, TBHP was primarily
employed as a radical initiator, while molecular oxygen served
as the terminal oxidant. The involvement of radical intermedi-
ates was also supported by inhibition experiments using
TEMPO as a radical scavenger, which led to a significant
decrease in catalytic activity (Scheme 2, Fig. S34, and
Table S18, ESIt). This indicates that TBHP facilitates the gene-
ration of reactive radical species (e.g., -BuO" and #BuOO")
essential for initiating the oxidation pathway. However, when
the reaction was conducted using TBHP as the single oxidant,
only trace amounts of products were formed. Additional
experiments under an N, atmosphere instead of O, were also
performed (Fig. S33 and Table S17, ESIf). All these results
suggest that the presence of excess molecular oxygen is crucial
to sustaining the oxidation process. Therefore, the synergistic
use of TBHP and O, is necessary.

Fig. S18f provides an overview of the temperature effect on
a-pinene oxidation in the presence of 2. At a higher tempera-

Cu® 4+ BuOOH — Cu' + 1BuOO + H*
Cu* 4+ £BuOOH —» Cu** + r-BuO + "OH
00’ OOH OH
‘ am Iv) ™
. +0; N> A? .,
q&( -BuOH ‘OH
Y
verbenyl hydroperoxide verbenol
) 1) VD)
o-pinene QH) OH
IIOO
+ 1-BuOH

o

pinene oxide

verbenone

Scheme 2 Mechanistic proposal for the main steps of the allylic oxidation of a-pinene over a Cu-based catalyst using O, as the oxidant in the pres-

ence of TBHP as the initiator.
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ture (85 °C), conversion of a-pinene is almost complete.
However, overoxidation occurs after 3 h of the reaction, result-
ing in the consumption of the formed oxidation products.
For example, the yield of pinene oxide decreases from 9 to 0%
and that of verbenol drops from 7 to 3% at 85 °C. At a lower
temperature (50 °C), the oxidation reaction is slower, leading
to a-pinene conversion of 52% and a total yield of the main
products of 17% after 9 h. Hence, the optimal reaction temp-
erature of 70 °C provides an advantageous ratio between the
conversion (92% after 9 h) and product yield (51%j;
Table S10%).

Fig. S197 illustrates the effect of precatalyst amounts on the
oxidation of a-pinene. An increase of precatalyst 2 loading
from 15 to 30 umol practically does not affect either the reac-
tion rate of a-pinene oxidation or the total product yield
(~52-54%). However, at lower precatalyst loading (7.5 pmol),
the oxidation is noticeably slower, leading to a-pinene conver-
sion of 78% with a 32.5% total yield of main products
(Table S11f). Thus, the optimal amount of 2 was fixed at
15 umol, which is consistent with previous results.

100

Conversion (%)
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The effect of the oxygen flow rate on the reaction para-
meters of a-pinene oxidation in the presence of 2 was analyzed
at 8 mL min~" (19.7 mmol h™") and 14 mL min~" (34.4 mmol
h™"). Although good conversion of a-pinene (60% after 9 h) is
observed at the oxygen flow rate of 8§ mL min™", the total yield
of the main products barely exceeds 17% (Fig. S20T). However,
when the reaction medium is saturated with oxygen (O, flow
rate of 14 mL min~"), higher conversions and product yields
are obtained (Table S127).

To elucidate the reaction mechanism and evaluate the for-
mation of alkyl peroxides (common intermediates in this type
of oxidation reaction), a double GC analysis of the reaction ali-
quots was performed before and after treatment of the reaction
mixture with an excess of solid PPh;. This phosphine is known
to selectively reduce alkyl peroxides to alcohols.®*®* The
product distribution (alcohol-to-ketone molar ratio) was then
compared (Fig. 6). Due to the thermal instability of verbenyl
hydroperoxide under GC conditions, its direct quantification
by GC-FID is not possible. Consequently, after treatment of the
reaction aliquot with PPhj, a significant decrease in verbenone

OOH

10 10
- Before PPh; d) After PPh,
30 30 :
L 25 X 25 @L
= 20 < 20- v :
P8 s
i T 154 T 154
‘9 o ) *
£ > 101 > 10- 5
L 5 54
0 T T T T 0] T T T T *
0 2 4 6 8 10 0 2 4 6 8 10
: Time (h) Time (h) 0

Fig. 6 Oxidation of a-pinene catalyzed by 2. (a) Conversion of a-pinene. (b) Estimated accumulation of verbenyl hydroperoxide. (c) Accumulation of
monooxygenated derivatives before and (d) after addition of PPhs. Conditions: a-pinene (1 mL), 2 (15 pmol), TBHP (70% in H,O; 0.35 mmol), 9 h,

800 rpm, temperature (70 °C), and O, (14 mL min™2).
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yield (from 23 to 11%) and an increase in verbenol yield (from
13% to 25%) were observed, thus permitting the quantity of
verbenyl hydroperoxide to be estimated (12% yield; Fig. 6¢c and
d). In addition, the activity of 2, in terms of turnover frequency
(TOF), was approximately 48.5 h™" over the course of the reac-
tion (Table S13+).

At the end of the oxidation reaction, ca. 92% of compound
2 can be recovered. Powder X-ray diffraction data revealed a
loss of crystallinity in the recovered sample compared to the
parent precatalyst 2 (Fig. S30, ESIT). However, FT-IR data indi-
cated that the functional groups remained unchanged relative
to the initial measurement with a decrease in the intensity of
the »(C=O0) and v(C-H) bands. This is compelling evidence for
the release of the DMF ligand from the Cu-DMF moiety in
compound 2 during the recycling of the precatalyst (Fig. S35,
ESIT). A recrystallization process of the recovered solid yielded
a blue polycrystalline material with the same functional
groups as the original compound 2 (Fig. S35, ESIY).

The proposed mechanistic pathway begins with Cu®'-
mediated redox routes that convert TBHP into t-butoxyl
(tBuO") and t-butyl peroxyl radicals (+BuOO") (Scheme 2).”>7°
Then, t-BuO" abstracts a hydrogen atom from the substrate,
generating a resonance-stabilized alkyl radical (I).”” In the
presence of molecular oxygen (O,), this intermediate produces
a verbenyl hydroperoxyl species (II). The homolytic cleavage of
the O-O bond in this species is favored due to its lower energy
requirement, producing verbenone (III).”” Additionally, peroxyl
radicals can react with the substrate and regenerate the pinene
radical, forming verbenyl hydroperoxide (IV).”® This intermedi-
ate can either eliminate an HO’ radical, leading to the for-
mation of verbenol (V) or undergo reduction to verbenone
(VI).”® In a parallel pathway, £-BuOO’ can be added to the C=C
bond and generate pinene oxide (VII).”””®

In the present oxidation, a number of side products can
also form as a result of parallel isomerization and
polymerization®*®" reactions that occur in particular after pro-
longed reaction times and at higher temperatures. Therefore,
to evaluate the catalytic properties of 2, we focused on the
accumulation of monooxygenated derivatives (verbenol, verbe-
none, and pinene oxide).

To experimentally validate this radical mechanism, TEMPO
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl was employed as a
radical scavenger in the Cu-catalyzed oxidation of a-pinene. In
the presence of TEMPO, the yields of the main products drop
significantly, corroborating the role of +-BuO" and ¢-BuOO’ in
the oxidation of a-pinene by O, (Fig. S34 and Table S18, ESIf).

Additionally, to probe the substrate scope of precatalyst 2,
(+)-valencene was investigated as an alternative terpene sub-

Cu-catalyst

(+)-Valencene (+)-Nootkatone

Scheme 3 Schematic representation of (+)-valencene oxidation.

This journal is © the Partner Organisations 2025
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strate under the previously optimized reaction conditions
(Scheme 3).

Hence, in the presence of 2, 71% of (+)-valencene can be
converted, yielding 25% of (+)-nootkatone after 9 h of reaction.
In contrast, in the blank test without the copper precatalyst,
the conversion of (+)-valencene is only 35% to give (+)-nootka-
tone in a lower yield (11%). This product was isolated from the
reaction medium and its formation was confirmed by NMR
spectroscopy (‘H, 2D HSQC) and GC-MS, the results of which
are in accordance with the literature data (Fig. S24-S267).5*%3
The treatment of the final reaction mixture by PPh; does not
result in the reduction of the (+)-nootkatone yield, which con-
trasts with a similar experiment performed for the oxidation of
a-pinene. This indicates that (+)-valencene hydroperoxide is
not present in the reaction medium (Table S147).

Conclusions

In summary, this work presents the successful synthesis and
structural characterization of three new coordination com-
pounds, namely, a monocopper(u) complex [Cu(pdc)(Hstea)
(H,0)] (1) as well as 2D [Cu,(p;-pdc),(DMF)(H,0),],-2nH,0 (2)
and 3D [Cuy(py-pdc)y(H20)5],-3nH,O (3) coordination poly-
mers. The study further explored the application of 3,4-pyridi-
nedicarboxylic acid (H,pdc) as a versatile ligand and linker in
the molecular design of new copper(u) derivatives.

The copper(i) compounds 1-3 were also investigated as pre-
catalysts in the added-solvent-free oxidation of a-pinene, using
molecular oxygen as the oxidant and #BuOOH as the radical
initiator. Among the three copper(n) compounds tested, pre-
catalyst 2 exhibited the highest activity in the oxidation of
a-pinene (TOF ~ 48.5 h™"). Under optimized conditions, the
conversion of o-pinene reached 90%, yielding monooxyge-
nated pinene derivatives (verbenol, verbenone, and pinene
oxide) and verbenyl hydroperoxide. Additionally, compound 2
can also act as a precatalyst in the oxidation of (+)-valencene
with O,.

The structural arrangement of 2 features well-dispersed
copper moieties across its metal-organic layer, thus potentially
facilitating interactions of the metal centers with substrate
molecules and enabling the transformation of terpenes into
valuable oxyfunctionalized compounds. The synthesis, appli-
cation and recrystallization of compound 2 may serve as a
basis for designing related types of coordination polymers
with relevance in oxidation catalysis.

One of the goals of this study was to explore the assembly
of structurally different products from the systems containing
copper(n) ions and 3,4-pyridinedicarboxylic acid as the main
building blocks. A particular interest in this pyridinedicar-
boxylic acid is governed by its coordination versatility and
potential to promote hydrocarbon oxidation reactions, as pre-
viously described for related types of N-heteroaromatic car-
boxylic acids.?*

The present study should be considered as an initial
exploration of the obtained copper(u) coordination compounds
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in the catalytic oxidation of terpenes under mild conditions.
Compounds 1-3 are not completely intact in the reaction
systems containing oxidants and radical initiators and thus act
as precatalysts for copper-based catalytically active species.®’
Detailed identification and characterization of these species
were outside the scope of the present study and will be investi-
gated in detail by theoretical methods in future research. This
work aims to motivate further exploration of added-solvent-
free oxidation of terpenes, using catalytic systems based on in-
expensive and readily available first-row transition metals.
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