Accepted Manuscript

T

o INORGANIC
Copper(II) complex of the 2-pyridinecarbaldehyde o ﬁl\{ql%}\l\illlb&l?lom

aminoguanidine Schiff base: Crystal structure and -catalytic
behaviour in mild oxidation of alkanes

Avadasia onine at
ScienceDirect

o sconcadroct o

Elena A. Buvaylo, Vladimir N. Kokozay, Olga Yu. Vassilyeva,
Brian W. Skelton, Oksana V. Nesterova, Armando J.L. Pombeiro

PII: S1387-7003(17)30049-7

DOLI: doi: 10.1016/j.inoche.2017.03.008
Reference: INOCHE 6575

To appear in: Inorganic Chemistry Communications
Received date: 18 January 2017

Revised date: 1 March 2017

Accepted date: 6 March 2017

Please cite this article as: Elena A. Buvaylo, Vladimir N. Kokozay, Olga Yu. Vassilyeva,
Brian W. Skelton, Oksana V. Nesterova, Armando J.L. Pombeiro , Copper(Il) complex
of the 2-pyridinecarbaldehyde aminoguanidine Schiff base: Crystal structure and catalytic
behaviour in mild oxidation of alkanes. The address for the corresponding author was
captured as affiliation for all authors. Please check if appropriate. Inoche(2017), doi:
10.1016/j.inoche.2017.03.008

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


http://dx.doi.org/10.1016/j.inoche.2017.03.008
http://dx.doi.org/10.1016/j.inoche.2017.03.008

Copper(11) complex of the 2-pyridinecarbaldehyde aminoguanidine Schiff base: Crystal
structure and catalytic behaviour in mild oxidation of alkanes
Elena A. Buvaylo®, Vladimir N. Kokozay?, Olga Yu. Vassilyeva®, Brian W. Skelton®, Oksana V.

Nesterova®, Armando J.L. Pombeiro®”

? Department of Chemistry, Taras Shevchenko National University of Kyiv, 64/13 Volodymyrska
str., Kyiv 01601, Ukraine; e-mail: vassilyeva@univ.kiev.ua

® School of Chemistry and Biochemistry, M310, University of Western Australia, Perth, WA 6009,
Australia

¢ Centro de Quimica Estrutural, Instituto Superior Técnico, Universidade de Lisbhoa, Av. Rovisco
Pais, 1049-001 Lisboa, Portugal; e-mail: pombeiro@tecnico.ulisboa.pt

Keywords: 2-Pyridinecarbaldehyde; Aminoguanidine; Schiff base copper(ll) complex; Crystal
structure; Catalytic oxidation of cyclohexane, adamantane, cis-1,2-dimethylcyclohexane

Abstract

The new neutral dichloro-copper(Il) Schiff base complex [CuCl,L]-dmf 2, where L results from
condensation of 2-pyridinecarbaldehyde and aminoguanidine, was prepared, while the ligand itself
was isolated in its protonated form as the dinitrate salt (H,L)(NOg3), 1. Extended conjugation is
responsible for the planarity of the H,L®" cation in 1. On coordination, L forms two fused 5-
membered chelate rings occupying three equatorial positions of the distorted square pyramidal
copper polyhedron in 2. The catalytic investigations disclosed a prominent activity of the copper
compound 2 towards oxidation of cyclohexane with hydrogen peroxide in the presence of various
promoters (nitric and acetic acids, pyridine and pyrrole), showing overall yields of products

(cyclohexanol and cyclohexanone) up to 21 % based on the substrate.

The guanidine group is widely spread in biological molecules and has been of much interest in
the field of natural product synthesis [1, 2] and drug development [3, 4]. Due to its unique role as a
hydrogen-bond donor and its positive charge (upon protonation) the guanidine group is of
importance for molecular recognition in chemical and biological systems [5, 6]. The utilization of
guanidine derivatives as catalysts and superbases has also been explored [7—9]. Aminoguanidine
(AG) has been extensively studied for the treatment of diabetic complications [10]. It is also one of
the most studied quenchers of reactive carbonyl species (RCS) - endogenous or exogenous
byproducts involved in the pathogenic mechanisms of different oxidative-based disorders [11].

Detoxification of RCS by carbonyl quenchers is a promising therapeutic strategy and investigation



2
of conjugates of AG and arylaldehydes as well as their metal complexes has attracted increasing
attention [12-14].

A challenging task in modern catalysis is the activation and functionalization of inert alkanes
towards products of industrial significance [15]. It has been shown that coordination compounds of
some transition metals, particularly copper, can catalyse the oxidation of alkanes C—H bonds under
mild conditions using readily available oxidants, such as hydrogen peroxide [16-20]. In such
processes, a crucial role can be played by promoters, which can turn the oxidation process in a
desired way [21]. Therefore, the investigation of promoting effects is one of the milestones in this
field of catalysis. Following our earlier studies on metal complexes with AG based Schiff bases
[22, 23] and metal-catalysed C—H oxidation with peroxides [24-26], in this communication we
describe the crystal structures and spectroscopic characterization of the 2-pyridinecarbaldehyde
aminoguanidine Schiff base (H,L)(NOs), 1 and the derived dichloro-Cu(ll) complex [CuCl,L]-dmf
2 (dmf — dimethylformamide, Scheme 1) as well as the catalytic activity of 2 in reactions of alkanes

oxidation in the presence of various promoting agents.
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Scheme 1. The Schiff base (H,L)(NO3). 1 and derived dichloro-Cu(Il) complex [CuCl,L]-dmf 2.

Complex 2 was isolated in an attempt to prepare a heterometallic Cu/Ni compound with the
Schiff base ligand that was synthesized from the reaction of 2-pyridinecarbaldehyde with
aminoguanidine freshly liberated from AG-HCI. The use of a zero-valent metal or a metal oxide as a
source of metal ions along with a salt of another metal in reactions with proton-containing reagents
or Schiff base ligands has yielded a number of heterometallic complexes that were successfully
studied for catalytic applications [27-33]. In the current study, copper powder and NiCl,-6H,0
were reacted with the Schiff base formed in situ indmfinal:1: 2 molar ratio [34]. The isolated
blue-green microcrystalline product was identified crystallographically [35] as the mononuclear
Cu(Il) Schiff base complex 2 which did not contain any nickel. The pro-ligand itself formed as the
colourless dinitrate salt 1 in a similar synthetic procedure in methanol where nickel powder and
Cr(NO3)3-9H,0 were used instead of copper powder and nickel salt [34, 35]. The room temperature
EPR spectrum of a polycrystalline sample of 2 exhibits an axial pattern with distinctly resolved g

components: g, = 2.242, g, = 2.051.
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The crystal structure of 1 clearly shows that the pro-ligand molecule is protonated on the
pyridyl and guanyl nitrogen atoms, N(1) and N(23), respectively, giving rise to a dicationic species
(Fig. 1, Table S1). The newly formed imine bond, C21==N22, is in the E geometry. The C24-N25
and C24-N26 bond distances involving the two amino groups as well as the N25-C24-N26 angle
indicate a considerable double-bond character of the guanidinium group. Distribution of partial «
character in the bonding throughout the entire cation is evidenced by the shortening of the
corresponding distances along the C2-C21-N22-N23-C24 series of atoms, as well as the proximity
of the bond angles to the ideal value of 120° for the angles with sp2 atoms (Table S1). The extended
conjugation is responsible for the planarity of the cation: the plane of the guanidinium moiety is
twisted from the plane of the 2-pyridinium ring by only 6.01°. The structure and geometry of 1 are
comparable to those found in tetraaquadichloronickelate dichloride [36] and tetrachlorocuprate
hybrid salts [37] of the same Schiff base cation. In the crystal lattice, the dications and nitrate
anions are involved in hydrogen bonds forming a 1-dimensional hydrogen bonded polymer (Fig.
S1, Table S2). No n—= stacking is observed.
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Fig. 1. Molecular structures of (H,L)(NO3), 1 (left) and one of the two independent molecules of
[CuClL]-dmf 2 (right) showing the atom numbering scheme. Non-H atoms are shown with

displacement ellipsoids at the 50% probability level.

The copper complex 2 is formed of discrete [CuCl,L] neutral molecules and dmf molecules of
crystallization. There are two crystallographically independent complex molecules in the
asymmetric unit; both molecules have no crystallographically imposed symmetry and are similar
(Table S3). In 2 the chelate tridentate ligands L coordinate to the copper atoms in a neutral form
through the pyridine (N11, N21), azomethine (N122, N222) and imino (N125, N225) nitrogen
atoms (Fig. 1). The Cu(ll) coordination environments are distorted square pyramidal, with one of
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the chlorine atoms (CI11 and CI22) occupying the apical position. The Cu—N distances (Table S3)
fall in the range of 1.951(12)-2.072(10) A, the average equatorial and axial Cu—Cl distances being
2.225 and 2.678 A, respectively. The trans angles at the metal atoms lie in the range of 156.1(4) to
163.2(4)°, the cis angles vary from 78.1(4) to 100.07(12)°. The neutral ligand molecules adopt an
almost planar conformation. The coordination geometry around the metal atom has a close
resemblance to that found in two polymorphic forms of the Cu(ll) complex with a similar ligand
which results from the condensation between 2-acetylpyridine and aminoguanidine-
hydrogencarbonate [38]. The present study and earlier studies by others [38] demonstrate that the
coordination mode of L that forms two fused 5-membered chelate rings is not affected by the
presence of an additional substituent at the azomethine carbon atom. Both molecules of 2 are
involved in N-H---O/Cl hydrogen bonding to form hydrogen bonded sheets parallel to the ab plane
(Fig. S2, Table S2). The interactions between molecules are weak, the closest Cu-Cu
intermolecular separation exceeding 5.76 A. No n—= stacking is observed.

Complex 2 was tested as a catalyst in the mild oxidation of cyclohexane by aqueous hydrogen
peroxide in acetonitrile in the presence of various promoting agents [39]. Cyclohexane has been
used as a recognized substrate model for C—H bond activation investigations and the activity of
metal catalysts can be improved by promoting agents of different types [18, 40-45]. The presence
of strong protic acids (e.g. nitric, hydrochloric, trifluoroacetic acids) can hamper the undesired
hydrogen peroxide decomposition (catalase-like activity) and may facilitate the formation of an
unsaturated coordination environment around the metal cation upon partial ligand protonation [16,
32, 46-48]. Also the presence of a carboxylic acid (e.g. acetic, oxalic or pyrazinecarboxylic acid)
can support the stabilization of transition states of metal catalysts [47, 48]. On the other hand, basic
promoters (e.g. triethylamine, pyridine) can favor proton-shifts and transform a pro-catalyst into an
active catalytic species [49, 50]. Taking this into account, we investigated the influence of
promoters of different types, namely acid promoters (nitric and acetic acids), as well as basic ones
(pyridine and pyrrole), on the catalytic activity of complex 2 (Scheme 2). No alkane oxidation
products (or only traces) were obtained in the absence of the catalyst. The main final reaction

products, after quenching of the samples with PPhg, were cyclohexanol and cyclohexanone (Scheme

2).
(l)H
0 OH 0
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_— +
CH,CN

Scheme 2. Catalytic oxidation of cyclohexane with H,O,, catalysed by complex 2.




Complex 2 showed a prominent catalytic activity in the presence of all studied promoters at 50
°C with overall yields of oxygenated products of 15, 21, 19 and 20% (based on cyclohexane) with
HNOs, pyridine, HOAc and pyrrole promoters, respectively, achieved after 5 h reaction time. The
products accumulation dependences (Fig. 2, top), monitored within 5 h time, reveal a sharp growth
of products concentrations for pyridine, pyrrole and acetic acid, then reaching a plateau. In contrast,

in the case of the nitric acid, the plateau was reached only after 2 h reaction time (Fig. 2, top).
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Fig. 2. Top: Accumulations of oxygenates (sums of cyclohexanol and cyclohexanone) with time in
cyclohexane (0.2 M) oxidation with ag. H,O, (1 M), catalysed by complex 2 (1 x 10 M) in the
presence of HNOj3 (0.01 M) (red line), HOAc (0.01 M) (blue line), pyridine (0.01 M) (violet line)
and pyrrole (0.01 M) (green line), in acetonitrile (total volume of the reaction solution was 5 mL) at

50 °C. Bottom: The initial periods of the respective catalytic dependences.

The accumulation with nitric acid promoter shows a gradual decay of the initial reaction rate
W, of 2.0 x 10> M s*. Although the initial reaction rates for the other promoters (1.7 x 10, 4.5 x
10°°,8.3 x 10° M s* for pyridine, pyrrole and acetic acid, respectively) are close to that for HNOs,
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they exhibit an increase over time, reaching the W values of 3.8 x 104 1.1 x 10 and 2.6 x 10° M
s, respectively (22, 24 and 3 fold increase of W), before reaction stops and reaches a plateau
region (Fig. 2, bottom). The presence of an auto-acceleration period suggests that complex 2
undergoes gradual transformation in solution and the species formed are more active than the initial
structure. The auto-acceleration in copper-catalysed oxidation of cyclohexane with H,O, was
observed earlier for a tetranuclear complex in the presence of sulfuric acid promoter [51]. However,
the observation of HOAc-caused auto-acceleration is unusual because acetic acid is commonly not
expected to be an efficient promoter for copper catalysts in such a type of reactions [16].

The alcohol/ketone (A/K) ratios for all promoters, measured after addition of the solid PPh3 to
the reaction samples, are depicted in Fig. 3. At the beginning of reactions the A/K ratios are high for
all promoters, lying in the range from 40 to 70. After reaching a plateau, the A/K ratio for the nitric
acid appears at ca. 20 level, while for other promoters this parameter becomes much lower, ca. 3.
High prevalence of cyclohexanol at the beginning of the reaction is in accord with formation of
cyclohexyl hydroperoxide, Cy—OOH, which is quantitatively reduced to cyclohexanol by PPhs,
upon sample quenching [52]. At the plateau region, the comparable amounts of cyclohexanol and
cyclohexanone for pyridine, pyrrole and acetic acid promoters (A/K of ca. 3) may account for
decomposition of Cy—OOH in the reaction mixture. This process is assumed to produce mainly
cyclohexanol and cyclohexanone, in nearly equal amounts. If the nitric acid promoter prevents the
decomposition of Cy—OOH [16] then the cyclohexanol will dominate over the whole time range,

resulting in an elevated A/K ratio (Fig. 3).
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Alcohol / ketone ratio
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Fig. 3. The alcohol/ketone (A/K) ratios of the products (measured upon addition of PPhg) for all
studied promoters as functions of time (see Fig. 2 caption for reaction conditions).
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The presence of cyclohexyl hydroperoxide, as a main reaction product, was directly confirmed
by GC-MS methods, employing proper analytical conditions. The strong peaks of Cy—OOH (Fig. 4,
bottom chromatograms) were observed for all promoters. These peaks completely disappeared after
the samples were treated with solid PPhs (Fig. 4, top chromatograms), with a respective decrease of
intensities of peaks of cyclohexanone, formed through spontaneous decomposition of Cy—OOH in
GC injector and/or column [52, 53]. The presence of Cy—OOH accounts for a free radical reaction
mechanism, where the reaction of the catalyst with hydrogen peroxide results in formation of
hydroxyl radical, HO-, a very reactive attacking species [45]. HO- radicals abstract hydrogen from
cyclohexane CyH to produce cyclohexyl radical Cy-, which is then trapped by dioxygen to give Cy—
OO- radical. The latter may react either with substrate or oxidant to form Cy—-OOH [46, 52, 54].
One should notice that this mechanism does not belong to a class of radical self-supporting chain
reaction, as the concentrations of the substrate, oxidant and dioxygen in the reaction mixture are not

sufficient for such type of processes [54].

OH 0
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Fig. 4. Fragments of the chromatograms (see Fig. 2 caption for reaction conditions), showing the
main reaction products (recorded before and after addition of solid PhsP, bottom and top,
respectively). The large peak of cyclohexyl hydroperoxide, seen at 10.6 min (four bottom

chromatograms), completely disappears after addition of PhsP (four top chromatograms).

The hydroxyl radical is typically non-selective due to its very high reactivity. Hence, the
respective catalytic systems commonly exhibit relatively low bond-, regio- and stereo-selectivities
[55-57]. Thus, these tests are commonly used to prove the assumption about the presence of HO-

radicals as C—H attacking species. The accumulations of main products in the course of adamantane
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oxidation, catalysed by the complex 2 in the presence of nitric acid promoter, are depicted in Fig.
5. The yield of 20% based on substrate was achieved, with Wy = 1.4 x 10° M s *. The alcohols
dominate and the normalized 2° : 3° ratio ranges from 1 : 2.6 to 1 : 2.9. This value is close to those
observed for hydroxyl radical attack of adamantane (1 : 2) [58].

Interestingly, careful investigation of the chromatogram reveals the presence, in a small
amount, of a chlorinated product, 1-chloroadamantane (Fig. S3), which formation is also in
agreement with a free-radical process in the system. The chloro-ligands of 2 can be the chlorine
source for the chlorinated hydrocarbon [21].
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Fig. 5. Accumulations of oxygenates with time in adamantane (0.1 M) oxidation with ag. H,O, (1

M), catalysed by complex 2 (1 x 10 M) in the presence of HNO3 (0.01 M) in acetonitrile (total
volume of the reaction solution was 5 mL) at 50 °C.

A further evidence for the presence of the non-selective hydroxyl radical was obtained through
the oxidation of cis-1,2-dimethylcyclohexane (cis-1,2-DMCH) under the same conditions as
adamantane. The accumulation of the sum of all oxidation products (Wo = 3.9 x 10> M s%) is
depicted in Fig. 6. The sum of all reaction products gave 21% of the maximum yield based on the
substrate with low retention of stereoconfiguration (cis/trans ratio of tertiary alcohols was up to
only 1.3, Fig. 6, inset). A free radical mechanism foresees the epimerization of stereoconfiguration
of substrate [32, 56]. The observed cis/trans ratio in the case of the complex 2 is low, thus
confirming the assumption about hydroxyl radicals. The averaged normalized 1° : 2° : 3° selectivity
was 1 : 7 : 43. The amount of primary alcohol is quite low and can be explained by the presence of

two closely located electron-rich tertiary C—H bonds, which are much more “attractive” for
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oxidation than methyl groups. As reaction by-products, those of ring cleavage were detected,

particularly 2,7-octanedione derived upon further oxidation (Fig. S4).
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Fig. 6. Accumulation of oxygenates (sum of reaction products, alcohols and ketones, formed
through the oxidation of primary, secondary and tertiary C-H bonds) with time in cis-1,2-
dimethylcyclohexane (0.1 M) oxidation with ag. H,O> (1 M), catalysed by complex 2 (1 x 10> M)
in the presence of HNOj3 (0.01 M) in acetonitrile (total volume of the reaction solution was 5 mL) at

50 °C. Inset: the cis/trans ratio of the tertiary oxygenates as a function of time.

In conclusion, the Schiff base of 2-pyridinecarbaldehyde and aminoguanidine and the derived
dichloro-Cu(ll) complex were synthesised and crystallographically characterized. The planar
neutral Schiff base ligand occupies three equatorial positions of the distorted square pyramidal
copper polyhedron. The complex 2 was found to be an active catalyst in the oxidation of
cyclohexane with hydrogen peroxide in the presence of various promoters. The basic aromatic N-
heterocycles, namely pyridine (Py) and pyrrole, were the most efficient promoting agents. Nitric
acid, a commonly accepted promoter for copper complexes, was found to exhibit considerably
weaker activity, also showing no acceleration of the reaction rate (in contrast to pyridine, pyrrole
and acetic acid promoters). The highest yield of products, achieved for the 2/Py/H,0, cyclohexane
oxidizing system, was 21 %. For all the promoters, the formation of large quantities of cyclohexyl
hydroperoxide (Cy—OOH) was directly detected by GC-MS methods. Cyclohexyl hydroperoxide as
a main reaction product suggests a free-radical pathway with hydroxyl radicals as attacking species.
Such assumption is in accord with the observed 2° : 3° carbons selectivity in the oxidation of
adamantane and epimerization of cis-1,2-dimethylcyclohexane when oxidized to the respective
tertiary alcohols. Finally, the formation of a C—Cl chlorinated by-product also confirms the

involvement of the alkyl radical with subsequent Cl-coupling. In the case of cyclohexane and
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adamantane the respective cyclic structures retained their integrities, while in the case of cis-1,2-
dimethylcyclohexane substrate the ring cleavage by-product 2,7-octanedione was observed. This
work may lead to the development of a new family of metal catalysts based on aminoguanidine
Schiff base ligands for mild oxidation of alkanes.

Acknowledgement
This work was supported by Fundacdo para a Ciéncia e Tecnologia (FCT), Portugal (projects
PTDC/QEQ-QIN/3967/2014 and UID/QU1/00100/2013; fellowship SFRH/BPD/63710/2009).

Appendix A. Supplementary material

CCDC 1513756 and 1513757 contain the supplementary crystallographic data for this paper.
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Highlights

- Aminoguanidine based organic ligand (1) and its copper complex (2) are synthesized.
- 1 and 2 are characterized by X-ray crystallography and spectroscopic methods.

- The protonated ligand cation in 1 is planar due to extended conjugation.

- On coordination, the neutral ligand forms two fused 5-membered chelate rings.

- 2 acts as catalyst in oxidation of cyclohexane with H,O; in the presence of promoters.



