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Introduction

The coordination chemistry of 5-pyridin-2-yl-1,2,4-triazoles has
been investigated from the mid-1970s. The first structural
characterization of a binuclear triazole copper(n) compound
appeared in 1985 in a publication dedicated to the investigation
of its magnetic properties.' Since that time most studies of tri-
azole copper complexes have focused on this topic. However,
the possibilities of magnetostructural exchange in this type of
compound are rather limited, as most of the described dimeric
triazole complexes have almost planar structures of the inner
Cu,N, core.>® The equatorial coordination consists of two
deprotonated ligands to which copper(u) atoms are linked by
two triazole nuclei via their N(1)-N(2) bridging mode.** Addi-
tional ligands coordinate copper(n) atoms axially, and the
coordination is completed by a water molecule and anions as
nitrate, perchlorate etc., that influence on the process of crystal
packing.® Thus, the coordination polymers constructed from
different paramagnetic transition metal ions and triazole
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oxidation of styrene towards benzaldehyde and of cyclohexane to KA oil. The 2D coordination polymer 1
showed an antiferromagnetic behaviour attributed to the intrachain magnetic coupling.

ligands have recently attracted intense interest due to their
intriguing inherent magnetostructural relationships, as well as
the promising applications in memory storage and spintronic
structural architecture,” important for the understanding of
devices.* On the other hand, the use of such metal complexes
as catalysts of some industrial processes, like an oxidation of
alkanes, remains unexplored.*

In the present work, we have obtained binuclear (1) and
mononuclear (2) complexes based on copper(u) acetate and 3-
methyl-5-pyridin-2-yl-1,2,4-triazole. The structural characteriza-
tion of the mononuclear complex reveals planarly located
ligands. Surprisingly, the crystals of the binuclear complex
contain non-planar central motif featuring combination between
rotational and reflection symmetry of elements. This fact
enforced the investigation of magnetic properties of the title
compound. Moreover, in pursuit of our interest in the use of Cu-
based complexes as catalysts for improving industrial oxidation
reactions,"” " herein we have tested the catalytic activity of
complexes 1 and 2 for the selective oxidation of styrene to
benzaldehyde and for the far more challenging oxidation of
cyclohexane to KA oil (cyclohexanol and cyclohexanone mixture).
These reactions were chosen due to the significant industrial
importance of their products. Traditionally benzaldehyde is
produced by catalytic partial oxidation of toluene or by hydrolysis
of benzylidene chloride.’® Both processes require harsh condi-
tions, present low yields, and a huge generation of waste.
Therefore, there is a need to find more environmentally friendly
processes using green oxidation agents (e.g., hydrogen peroxide)
and heterogeneous catalytic systems. Despite the advances that
have been already achieved,"”™° the selective oxidation of styrene
still remains a challenge. Further, the even more challenging
oxidation of saturated hydrocarbons bonds was attempted, using
cyclohexane as a model substrate. In fact, copper complexes
bearing various nitrogen-containing ligands are among the most

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra03107d&domain=pdf&date_stamp=2021-07-02
http://orcid.org/0000-0001-5274-1992
http://orcid.org/0000-0003-0160-6920
http://orcid.org/0000-0001-7058-832X
http://orcid.org/0000-0001-8454-4002
http://orcid.org/0000-0002-9556-6378
http://orcid.org/0000-0002-5403-9352
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03107d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011038

Open Access Article. Published on 02 July 2021. Downloaded on 3/5/2026 5:00:10 AM.

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

(cc)

Paper

ﬁ o [Cu,(L) (CH,COO0), (H,0),] (1)
N SN~ + Cu(CH,CO0),H,0
\<\ N 3 PAL)

N-AH [CuL,](2)

Scheme 1 Synthesis of complexes 1, 2: (1) with a metal-to-ligand
molar ratio of 1: 1; (2) with a metal-to-ligand molar ratio of 1: 2.

active catalysts known®*** for reactions occurring with function-
alization of C-H bonds by hydrogen peroxide and/or organic
hydroperoxides. These reactions lead to the production of
extremely valuable chemical substances, in particular in the case
of cyclohexane, as KA oil that is essential to the production of
Nylon 6,6.>* The liquid-phase oxidation of cyclohexane is con-
ducted at temperatures up to 165 °C and high O, pressure (8-15
bar). These conditions are applied to shorten retention time and
to avoid oxidative side reactions. For the same reason, cyclo-
hexane conversion is limited to 10-12% per cycle.”® Therefore,
efficient selective oxidation of cyclohexane also remains a chal-
lenge that is addressed herein.

It is also worth to highlight that, to the best of our knowl-
edge, to date (search in WOS), there are no alkane oxidation
catalysts involving 1,2,4-triazoles, whereas for the oxidation of
styrene, only one report was found.* A thio-Schiff base derived
from salicylaldehyde and 4-amino-2,4-dihydro-1,2,4-triazole-5-
thione encapsulated in the nanopores of zeolite-Y acted as
heterogeneous catalysts for styrene oxidation, using H,0, as an
oxidant. Under the optimized conditions, these catalysts led to
styrene oxide, benzaldehyde, 1-phenylethane-1,2-diol and phe-
nylacetaldehyde, thus exhibiting poor selectivity.

Results and discussion
Synthesis of complexes

Complexes were synthesized from a DMF (N,N-dimethylforma-
mide) solution of copper(n) acetate and 3-methyl-5-pyridin-2-yl-
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1,2,4-triazole (Scheme 1). Detailed preparation and elementary
characterization see in ESI.f The ligand was synthesized by
following standard procedures.*

The reaction of HL with Cu(OAc),-H,0 in a 1 : 1 molar ratio
gives, on slow crystallization of the reaction mixture, green
crystals of [Cu,(L),(OAc),(H,0),] (1) in 80% yield. In order to
obtain mononuclear complex, the reaction in a 1 : 2 molar ratio
under analogous conditions was examined. The slow crystalli-
zation of reaction mixture produced black prisms of [CuL,] (2)
in 95% yield. Crystal structures for both complexes were ob-
tained and confirmed the existence of binuclear species
[(CuL(H,0)),]** for 1 and mononuclear CuL, for 2, that was also
examined in solution studies.

Solution studies

Speciation studies. In order to evaluate the competition
between protons and copper(n) ions, it was first necessary to
determine the acid-base properties of the studied ligand. The
deprotonated form of the ligand, L™, may attach three protons
in the pH range 2-11. The highest log K; = 10.67 describes the
protonation of triazole N, acidic log K, = 2.83 and log K; =
2.12 correspond to the protonation of pyridine N and triazole N
atoms. This is consistent with the literature data for 1,2,4-tri-
azole ligands®**” and pyridine derivatives® and is in line with
the described trend: triazole N~ > pyridine = triazole N** (Table
1). A significant increase in the acidity of pyridine nitrogen
results from the “electron withdrawing” effect of the triazole
ring. It is worth mentioning that the obtained constants are
higher than for the analogous ligand described earlier, which
results from the electron donating effect of the methyl substit-
uent on the triazole ring.*

Stoichiometries of Cu(u) complexes. Complex formation in
solution upon mixing HL ligand with copper(u) ions was first
monitored using ESI-MS. This technique does not allow

Table 1 Potentiometric and spectroscopic data for proton and Cu(i) complexes of HL*

UV-Vis EPR
Species log 8 log K A (nm) eM 'em ™) Ay (G) g
Protonation of L
HL 10.67(1)
H,L" 13.50(1) 2.83
H;L>" 15.62(1) 2.12
Cu(m:L=1:1
[CuHL]* 14.64(3) 730 40 142.5 2.34
[CuL]’ 10.35(3) 4.24 715 60 142.5 2.34
[Cu,L,(OH)]* 17.87(9) 695 150 Not determined
[Cu,L,(OH),] 9.2(1) 8.67 680 175 Not determined
Cu(m):L=1:3
[CuHL** 14.64 730 40 142.5 2.34
[CuHL,]" 23.46(3) Not determined Not determined
[CuL,] 17.82(2) 5.64 690 125 154.8 2.29
[CuL,(OH)]~ 7.69(4) 10.13 670 115 154.8 2.27

@ Solvent: MeOH/H,0 80 : 20 w/w, I = 0.1 M (NaNO;), T = (25.0 + 0.2) °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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distinguishing the ionizable protons in the species; however,
the method can be successfully applied to determine the metal-
to-ligand stoichiometry directly from the m/z values. Analysis of
the ESI-MS spectra of the reaction mixture of Cu(u) : HL, with
a metal to ligand molar ratio of both 1: 1 and 1 : 3, showed the
formation of monomeric species successfully attributed to
{[CuL]’}" m/z = 223.00, {{CuL]" + HCIO,}" m/z = 321.95, {[CuL,] +
H'}" m/z = 382.07 and {[CuL,] + H" + HCIO,}" m/z = 482.03
complexes (Fig. S471). All peak assignments were based on the
comparison between the experimental and calculated isotope
patterns.

Complex formation equilibria. Calculations based on the
potentiometric data obtained for equimolar solutions of Cu(u)
and HL indicate the formation of both monomeric and dimeric
species, starting with mononuclear [CuHL]** and [CuL]" present
in solution up to pH 9 and followed by dimeric [Cu,L,(OH)]"
and [Cu,L,(OH),] dominating above pH 6 (Table 1 and Fig. 1A).

With an increase of pH, the UV-Vis spectra show a hyp-
sochromic shift from 730 nm (¢ = 40 M~ cm™") to 680 nm (e =
175 M~ ecm™"), which is associated with an increase in the
number of nitrogen donor atoms from 2N to 3N in the coordi-
nation sphere of Cu(u) ions (Table 1 and Fig. S51). EPR
parameters, represented by Ay = 142.5 G and gy = 2.34 at pH
2.64 also support the model based on the formation of mono-
meric [CuHL]*" and [CuL]" with two N atoms in Cu(u) coordi-
nation sphere. The vanishing of the EPR signal above pH 8
confirms the disappearance of the monomeric species (Table 1
and Fig. S67).*

The solution studies carried out for 1:3 Cu(u) : HL molar
ratio suggest the formation of mononuclear [CuHL,]", [Cul,] and
[CuL,(OH)]™ complexes, preceded by the presence of the
[CuHL]*" species (Table 1 and Fig. 1B) for which the log BcumL
value was entered in the calculations as constant. The maximum
of absorption spectra moves from 730 nm (e = 40 M~ cm™ ') at
acidic pH, up to 670 nm (¢ = 115 M~ ' cm™') under basic pH

A
100 1 [CuLo(OH),—
_ =] [Cu(OH)]
= 80 / = /
0] [CuHpe  [CULT /
— Ve \ /
wl\ / N\ \ /

/ X

/ \/ /
1/ \culinz /\ /
i /“‘\‘ /

% Formation relative to Cu(l

% Formation relative to Cu(ll)

Fig.1 Species distribution profiles for Cu(il) complexes of HL in molar
ratio (A): Cu(n) : HL1:1and (B): Cu(u) : HL1: 3.
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conditions (Table 1 and Fig. S5t) which is due to the growing
number of coordinated nitrogen atoms in Cu(u) coordination
sphere. No signal silencing occurs on recorded EPR spectra,
which is in line with the expectations for mononuclear complexes
(Table 1 and Fig. S61). The increase in Ay parameters and
lowering gy parameters in solutions containing an excess of
ligand relative to Cu(n) ions, compared to the values simulated
for equimolar systems, indicates a higher number of nitrogen
atoms in the coordination sphere of Cu(u) ions (Table 1). This is
expected behavior, since the two ligands coordinating to one of
the central ion requires the involvement of four nitrogen atoms,
and not, as in the dimeric complexes, three only.

The obtained results were compared with the data for 1,2,4-
triazole containing an aminomethyl substituent 3-(amino-
methyl)-5-methyl-4H-1,2,4-triazol-4-amine (A),* which
possesses similar distribution of donor atoms as in the HL
ligand, as well as ligands 6-methyl-3-(pyridin-2-yl)-7H-[1,2,4]tri-
azolo[3,4-b][1,3,4]thiadiazine (B)** and 3-(ethylthio)-5-(pyridin-
2-yl)-4H-1,2,4-triazol-4-amine (C),** with analogous structure to
the studied HL ligand, but containing substituents on the
nitrogen atom N(4) (Table S37).

For A and C ligands (Table S37), the hypsochromic shift of
the d-d transition band can be observed from a maximum at
over 700 nm to 594 nm and 660 nm, respectively,**** as a result
of the increase in the number of nitrogen atoms in the Cu(u)
coordination environment, which is similar to studied
Cu(n) : HL complexes. The stronger band shift for ligand A is
due to the presence of an amino group which is a stronger
donor than pyridine.

All described ligands tend to form CuL, complexes, and the
determined log @ values are in a similar range. It should be
mentioned that ligand B is able to form Cu,L, dimeric
complexes in solid state, however, such behaviour was not
observed in aqueous solutions, most likely due to the partici-
pation of water molecules in the coordination of Cu(u) ions.*®
Similarly, dimer formation was not observed for ligands A and
C.*>** Further on to compare the ability of these ligands to
chelate Cu(u), a competition plot was made (Fig. 2).

The presented competition diagram clearly indicates that
the tested HL ligand shows the highest affinity for Cu(u) ions in

Cu(ll):B Cu(ll):HL
= ol Cu(ll):A e
E e A
9 ] Cul:C \\ /
g \\\ /‘“ \\
g 304 7\[“ ‘\\\ /
8 \‘ \
5 YoX
s A N
= I e
pH

Fig. 2 Competition plot between studied ligand, its corresponding
analogues and Cu(n), describes complex formation at different pH
values in a hypothetical situation in which equimolar amounts of the
three reagents are mixed. Calculations are based on binding constants
from Table S3.+ Conditions: [Cu(i)] = [A] = [B] = [C] = [HL] = 1 mM.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 EPR data and R and t parameters for 1 and 2

Structure gy I8 g A, A A R T
1 1.832  2.099 2249 10 20 10 0.56 0.21
2 2.031 2.073 2.12 1 9 1 1.12 0

relation to A, B and C ligands in solutions with a pH above 8.5.
This may be due to the presence of additional groups that may
constitute alternative donor atoms in ligands B and C, as well as
the higher acidity of ligands A, B and C alone. In addition, it
should be noted that the free aminomethyl group present in
ligand A is a stronger donor than nitrogen of the pyridyl ring
(Table S37).

X-ray crystallography

Crystal data and some further details concerning X-ray analysis
are given in Table 3. The bonds lengths and angles are listed in
Tables S4-S6, CCDC-2008470, 2008469.1 The results of X-ray
diffraction study for [Cu,(L),(OAc),(H,0),] (1) are depicted in
Fig. 3. The crystal structure consists of discrete dinuclear enti-
ties, assembled around the inversion center located in the
middle of the Cul---Cul separation equal to 3.976(9) A. Each
Cu(u) atom is five-coordinated in slightly distorted N;0, square-
pyramidal geometry provided by three nitrogen atoms of
organic ligands and two oxygen atoms from water molecule and
monodentate acetate anion. As mentioned above, for earlier
described dimeric triazole complexes, the inner Cu,N, core
have almost planar conformation.>* By contrary, in compound
1, the coordination of the acetate and water oxygens leads to the

Table 3 Crystallographic data
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Fig. 3 X-ray molecular structure of [Cuy(L)2(OAc)2(H20),] (1) with
atom labelling and thermal ellipsoids at 50% probability level.
Symmetry code: () 1 — x, y, 0.5 — z.

formation of non-planar six-membered metal cycle (CulN1N2-
Cu1'N1'N2}), in a “twist-boat” conformation. Nevertheless, the
bond lengths of [Cul-O3w, 2.289(2) A; Cu1-01, 1.966(2) A] is
typical for the Cu-O complexes with water molecule, and acetate
anion*?* while those of Cu-N [Cul-N1, 1.999(2) A; Cul-N4,
2.046(2) A; Cul- N21, 1.989(2)] are comparable to the lengths
found for mononuclear copper(un) compounds.*”

The distortion parameter calculated as the sum of deviations
from 90° for all 8 cis bond angles is equal 52.0°. The copper
atom is displaced from the mean plane formed by the basal
atoms at 0.153(1) A towards axial water molecule. Of impor-
tance, the non-coordinated oxygen of acetate anion is involved
as acceptor in hydrogen bonding with coordinated water
molecule of the adjacent complex. Further analysis of the
intermolecular contacts showed the presence of two-
dimensional supramolecular layers consolidated by C-H:--O,
O-H---O and O-H---N intermolecular hydrogen bonds (Fig. S10
and Table S671). The crystal structure essentially results from the
parallel packing of isolated 2D layers (Fig. S117).

Empirical formula C,0H,4Cu,NgOg Cy6H14CuNg
Formula weight 599.55 381.89
Temperature/K 180 293

Crystal system Monoclinic Monoclinic
Space group C2/c P24/c

alA 22.4328(6) 5.3383(4)
b/A 7.23016(16) 9.0913(6)
c/A 15.4337(4) 15.5717(10)
al° 90 90

B/° 107.996(3) 95.648(6)
v/° 90 90

VIA® 2380.78(11) 752.06(9)

zZ 4 2

Deate/mg mm > 1.673 1.686
w/mm™* 1.841 1.470
Crystal size/mm”® 0.25 x 0.15 x 0.02 0.20 x 0.05 x 0.02

26‘mim 20max (O)

3.818 to 50.05

5.194 to 50.054

Reflections collected 6663 3075

Independent reflections 2103 [Rine = 0.0362] 1336 [Rine = 0.0334]
Data/restraints/parameters 2103/0/166 1336/0/116

GOF* 1.066 1.041

R (I > 20(D)) 0.0312 0.0421

WR,” (all data) 0.0745 0.1076

Largest diff. peak/hole/e A~ 0.36/—0.40 0.31/-0.32

@ Ry = 3||Fy| — |Fe|l/Z|Fo|. ? WRy = {S[W(Fo?2 — F2)?)/Z[W(F2)? ]} © GOF = {S[w(F,2 — F.2)*)/(n

the total number of parameters refined.

© 2021 The Author(s). Published by the Royal Society of Chemistry

— p)}*", where n is the number of reflections and p is
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Fig. 4 X-ray molecular structure of [CuL,] (2) with atom labelling and
thermal ellipsoids at 50% probability level. Symmetry code: (i) 2 — x, 1 —
y, 1 — z. H-bond parameters: C1-H---N3 [C1-H 0.93 A, H---N3(2 — x, 1
—y,1-2)236 A C1:--N3 3.148(5) A, ZC1HN3 141.9°].

Compound 2 has a molecular crystal structure built up from
the centrosymmetric neutral entities [CuL,] (Fig. 4), where copper
atom is located in the inversion center. The presence of two
intramolecular C-H---N hydrogen bonds, which stabilizes the
planar conformation is also to be mentioned. The copper(u) atom
exhibits a square-planar coordination with Cul-N1 2.036(3) A
and Cul-N2 1.946(3) A distances, bond angles N2-Cu1-N1 and
N2-Cu1-N1 correspond 81.33(11) and 98.67(11), which is in the
normal range.’® The main crystal structure motif can be consid-
ered as 1D ladder-like supramolecular array of mononuclear
[CuL,] units sustained by a weak intermolecular contacts Cul- -
N4(1 + x, , z) of 3.106(3) A as shown in Fig. S12.1 The crystal
structure of 2 is determined by the parallel packing of discrete 1D
architecture along a crystallographic axis (Fig. S137).

Thermogravimetric measurements

The thermograms (TG, DTG and DTA) of complexes were
carried out in the temperature range 30-900 °C under an air
atmosphere with a heating rate of 10 °C min~"'. Complex 1
shows a weight loss of 6% at 120 °C, attributed to the depletion
of water (Fig. S87). The second weight loss occurs between 220
and 260 °C, corresponding to the removal of remaining acetate
anions that have some weak coordination interaction with the
Cu, center (caled: 19.6%). Further heating corresponds to the
decomposition of ligand molecules and affords loss of crystal-
linity. The compound 2 gradually decomposes under heating in
the range 300-450 °C which could be ascribed to a collapse of
the coordination framework (Fig. S9t).

Magnetic properties

Before proceeding to the magnetic and catalytic characteriza-
tion, the powder products of compounds have been character-
ized by X-ray powder diffraction (PXRD) at room temperature.
The observed XRD patterns are in good agreement with the
results simulated from the single crystal data, indicating the
purity of the synthesized samples. The differences in intensity
may be due to the preferred orientation of the crystalline
powder samples. The most informative part of XRD patterns of
complexes (20 range is 5-50°) is shown in Fig. S3.T The thermal
dependence of magnetic susceptibility for compound 1 is
shown in Fig. 5. At room temperature, the y\7 product has

23446 | RSC Adv, 2021, N, 23442-23449
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Fig.5 Thermalvariations of xmT for 1. Solid line represents the best fit.

a value of 0.74 cm® K mol ™~ * which is close to the expected yyT
value (0.75 cm® K mol ") for two non-interacting S = 1/2 ions (g
= 2.0). While decreasing the temperature, the x\7 product
continuously decreases and finally reaches a value close to zero
at 20 K. This behavior suggests the presence of important
antiferromagnetic interactions in 1. According to the X-ray
investigation, the complex has a binuclear structure in which
the magnetic interaction is carried out via two bridged triazole
ligands. In this context the magnetic interaction in 1 can be
estimated using classical Bleaney-Bowers coupling scheme (H
= —2JS,8, with S; = S, = 1/2)?%%
2Ng>B’ 1
xa(T) = kaﬁ 3+ ¢ 2/kaT

where N is the Avogadro number, § is the magnetic moment and
kg is the Boltzmann constant, g is the Landé factor of Cu(n) in
the complex, and J is the magnetic exchange constant between
paramagnetic ions in the dimer. The fitting procedure leads to
a good agreement between the experimental points and the
theoretical curve (Fig. 5). The parameters extracted from the fit
are J = —46.88(6) cm ', p = 0.003(1), g = 2.12(1). The obtained
values of J and g are close to those obtained from EPR analysis
(assuming giso = (g2 + g + g+)/3) and consistent with previously
reported compounds in the square-pyramidal coordination
environment.*** The EPR spectra of both 1 and 2 are rhombic
(Table 2). The parameter R = (g, — gi)/(g; — &) with g, > g, > g,
(Table 2) indicates that the ground state is d, ,, for 1 and d, for
2.2 For a geometry intermediate between the idealised
square-pyramidal and trigonal-bipyramidal extremes, the
structural index parameter 75 = (8 — «)/60 can be used as an
index of the degree of trigonality (3 is the greatest of the basal
angles, « is the smallest one). For a perfectly tetragonal geom-
etry ts = 0, while it becomes 1 for a perfectly trigonal-
bipyramidal geometry.*> For compound 1 75 is 0.21 which
indicates 79% share of the square pyramidal geometry. For
compound 2, where Cu(u) is tetra-coordinated, 7, calculated as
[360 — (8 + @)]/141 (ref. 46) is equal to zero. Accordingly, the
coordination environment of the central atom exhibits a square-
planar geometry.

Magnitude of magnetic interaction in the case of bis-triazole
bridge is determined by distortion of the coordination geometry
around Cu(u) centers (parameter 7 in the case of trigonal-
bipyramidal geometry) and symmetry of the Cu—(N=N),-Cu

© 2021 The Author(s). Published by the Royal Society of Chemistry
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units.*>*7-

*> These two factors impact orientation of the result-
ing magnetic orbital and overlapping of metal orbitals with
orbital of bridged ligands. The literature reports a large
numbers of triazole bridged compounds.>*** We found only
one that have the similar donor atoms set [N3O,] in trigonal-
bipyramidal environment [Cu,(pt),(SO,)(H,0);3](H,0); (were pt
= 3-pyridin-2-yl-1,2,4-triazolato ligand).*® The magnitude of
magnetic interaction in this complex is —49 cm™ " and based of
EPR measurement g = 2.14 which is consistent with the results
obtained for compound 1 reported in this work. It should also
be noted that the structural parameters of the Cu—(N=N),-Cu
units are also similar.

Catalytic properties

Both copper complexes 1 and 2 were successfully tested as
heterogeneous catalysts for the microwave-assisted peroxidative
oxidations of styrene and cyclohexane (Scheme 2) by aqueous
hydrogen peroxide, in acetonitrile, under mild conditions. They
yield selectively (>99%) benzaldehyde (Scheme 2a) under opti-
mized reaction conditions (microwave irradiation, 90 °C,
30 min, 600 rpm, 15 W, Nperoxide/ Mstyrene = 2; 1 mol% vs. styrene;
see Table S1 of ESI{) up to 60% of conversion and a turnover
frequency (moles of product per mole of catalyst per unit of
time, TOF) of 120 h™. They are also able to catalyse the selective
oxidation of inert cyclohexane to KA oil (Scheme 2b) yielding
under optimized (additive-free) reaction conditions (microwave
irradiation, 60 °C, 2 h, 600 rpm, 10 W, peroxide/Meyclohexane = 23
0.2 mol% vs. cyclohexane; see Table S2 of ESIt) 37 and 23% (for
complex 1 and 2, respectively) of KA oil. Cyclohexyl hydroper-
oxide is formed as a primary product and evolves to a mixture of
the final products, cyclohexanol and cyclohexanone (KA oil).
MW irradiation was used as an alternative energy source over
the conventional (oil bath) heating method. This source of
energy has already proved to remarkably enhance the activity of
catalytic systems and promote product yields."*"*

This was also observed in the present study. For comparative
purposes, an exhaustive study was carried out using complex 1
as catalyst under similar conditions to those described above
but using conventional thermal heating instead of MW irradi-
ation (Fig. 6). In fact, for both substrates, the selective conver-
sion into the desired product is attained much quickly under
MW irradiation compared with the thermal heating. Concern-
ing one of the goals of this catalytic study, the search for
a greener benzaldehyde production method, the optimized
conditions provided benzaldehyde as the only product, which is
a great result taking into account the usual selectivity problems
associated to this oxidation reaction.'*™® The selectivity towards

satVien

Cu complex
1o

ﬁﬂ OH o)
Sl OR10s
Scheme 2 Microwave-assisted peroxidative oxidation of (a) styrene to

benzaldehyde or (b) cyclohexane to KA oil, catalysed by complexes 1
and 2.
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Fig. 6 (A) Benzaldehyde yield from MW-assisted () or thermal (=)
oxidation of styrene, catalysed by 1. (B) KA oil yield from MW -assisted
() or thermal (a) oxidation of cyclohexane, catalysed by 1.

benzaldehyde suffers a significant decrease for higher quanti-
ties of catalyst or oxidant. The temperature has also shown an
important role in the selectivity, and for lower temperatures, the
oxidation process is more selective towards the formation of 1-
phenylethane-1,2-diol (up to 13% was detected at 60 °C, main-
taining the other optimized conditions). Temperatures higher
than 90 °C were not tested due to safety reasons. The mecha-
nism for styrene oxidation is believed to be initiated by the Cu-
assisted formation of oxygen-centred radicals (e.g., hydroxyl)
which oxidise styrene, what is also suggested by the reaction
inhibition upon addition of the radical scavenger TEMPO to the
reaction mixture under the optimized conditions. In addition,
the possible epoxide product was not detected, neither aceto-
phenone nor further epoxidation products such as phenyl-
acetaldehyde (from isomerization of the epoxide). An increase
in the microwave irradiation time above 30 minutes led to the
formation of benzoic acid by oxidation of benzaldehyde. The
recycling of complexes 1 and 2 was tried by recovering them by
centrifugation (see Experimental, ESIt) and use the recovered
solids in a further catalytic cycle by addition of new typical
portions of all other reagents. Unfortunately, the catalytic
activity of recovered 1 and 2 for the second cycle was signifi-
cantly lower (up to 17% conversion) what prevented their reuse.

The obtained yields for KA oil are ca. four times higher than
those reported for the industrial process (8%) to assure a suit-
able selectivity.”® Moreover, the use of copper complexes 1 or 2
led to a high selectivity towards the formation of KA oil, as
cyclohexanol and cyclohexanone were the only products detec-
ted by GC-MS analysis. Complex 2 exhibits a slightly higher
activity in comparison with complex 1, on account of the
nuclearity of both complexes (19% yield of KA oil per Cu atom
for 1 compared to 23% for 2). Under the tested conditions, the
peroxidative oxidation cyclohexane is believed to proceed

RSC Adv, 2021, 1, 23442-23449 | 23447
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mainly through a radical mechanism, similar to that proposed
in other cases that are also of a radical type™™>** and as also
suggested by the reaction inhibition upon addition of the
radical scavenger diphenylamine to the reaction mixture under
the best conditions (a maximum yield of 8% was obtained for
complex 1). The recyclability of complexes 1 and 2 was exam-
ined by recovering them by centrifugation (see Experimental,
ESIT). Although a slight colour change was detected for the
recovered 2, both complexes were used in a new cycle. Unfor-
tunately, their catalytic activity for the second cycle was signif-
icantly lower (up to 7% yield of KA oil) than the exhibited for the
first cycle, what prevented their reuse.

Experimental part
General procedure

All solvents used were laboratory reagent grade. All reagents used
in this work were of analytical grade and used without further
purification. The characterization and purity monitoring of the
obtained compounds has been done by IR, 1H NMR spectros-
copy, elemental and thermogravimetric analyses, and X-ray
crystallography. Coordination compounds were also investi-
gated by means of magnetochemistry. Elemental analysis was
carried out with Perkin-Elmer 2400 CHN Analyzer. Melting point
was measured with OptiMelt Automated Melting Point System
(MPA 100). 1H NMR spectrum in CDCl; solution was performed
on a Varian 400 spectrometer at room temperature (Fig. S1t). The
IR spectra (KBr, pellet) were recorded with Spectrum BX Perkin
Elmer spectrometer (Fig. S2t). The phase composition of
prepared samples was determined by X-ray powder diffraction
(XRD) using SHIMADZU XRD-6000 diffractometer with a linear
detector and Cu Ka radiation (A = 1.5418 A).

Preparation and elementary characterization of complexes

Synthesis of [Cu,(L),(OAc),(H,0),] (1). A solution of
Cu(OAc),-H,0 (0.50 g, 10 ml, 2.5 mmol) in dmf was added to
a dmf solution of HL (0.40 g, 5 ml, 2.5 mmol). The resulting
mixture was stirred with heating for 10 min, and then left in air
for crystallization. The greenish-blue crystals obtained were
filtered off, washed with dmf and dried in air. Yield 0.600 g
(80%). IR data (in KBr, ecm™%): = 3381, 3231, 3072, 1671, 1581,
1474, 1402, 1336, 1143, 1018, 757, 674. Calc. for C,oH,,Cu,NgOg:
C, 40.07; H, 4.03; N, 18.69. Found: C, 40.56; H, 4.06; N, 18.60.

Synthesis of [CuL,] (2). A solution of HL (0.640 g, 15 ml, 4
mmol) in dmf was added to a solution Cu(OAc),-5H,0 (0.400 g,
10 ml, 2 mmol) in dmf. The black crystals obtained after 2 days
were filtered off, washed with dmf and dried in air. Yield 0.72 g
(95%). IR data (in KBr, cm™'): 3058, 3024, 2925, 2853, 1658,
1600, 1530, 1466, 1290, 1250, 1125, 1026, 791, 748, 709, 641.
Cale. for C,6H,,CuNg: C, 50.32; H, 3.70; N, 29.34. Found: C,
50.15; H, 3.81; N, 29.22.

Conclusions

Two new copper(u) complexes have been successfully synthe-
sized from 3-methyl-5-pyridin-2-yl-1,2,4-triazole. =~ Despite
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different crystal structure and magnetic properties, they both
represent first examples of catalyst with a high selectivity
towards the formation of KA oil, as cyclohexanol and cyclo-
hexanone. Complex 2 exhibits a bit higher activity in compar-
ison with of complex 1, on account on the nuclearity of both
complexes. The presence of binuclear species and mononuclear
bis complexes has been confirmed in MeOH/H,O (80/20 w/w)
solution, both stoichiometries predominating the speciation
above pH 6 for metal to molar ligand ratio of 1:1 and 1: 3,
respectively. It has to be underlined that so far, the formation of
dimers by pyridin-2-yl-1,2,4-triazole compounds has been
observed only in solid state, which distinguishes the ligands
studied in this work.
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