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bInstitut de Qúımica Computacional i Cat

Universitat de Girona, Girona E-17003, Cat

† Electronic supplementary information
ligands and complexes are provided in
adamantane and methylcyclohexane dat
CCDC 2371833 and 2371834. For ESI and
electronic format see DOI: https://doi.org

Cite this: RSC Adv., 2024, 14, 30440

Received 18th July 2024
Accepted 24th August 2024

DOI: 10.1039/d4ra05222f

rsc.li/rsc-advances

30440 | RSC Adv., 2024, 14, 30440
is of cyclic alcohols from
cycloalkanes using nickel(II) complexes of
tetradentate amidate ligands†
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Selective functionalisation of hydrocarbons using transition metal complexes has evoked significant

research interest in industrial chemistry. However, selective oxidation of unactivated aliphatic C–H bonds

is challenging because of the high bond dissociation energies. Herein, we report the synthesis,

characterisation and catalytic activity of nickel(II) complexes ([Ni(L1–L3)(OH2)2](ClO4)2 (1–3)) of

monoamidate tetradentate ligands [L1: 2-(bis(pyridin-2-ylmethyl)amino)-N-phenylacetamide, L2: 2-

(bis(2-pyridin-2-ylmethyl)amino)-N-(naphthalen-1-yl)acetamide, L3: N-benzyl-2-(bis(pyridin-2-ylmethyl)

amino)acetamide] in selective oxidation of cycloalkanes using m-CPBA as the oxidant. In cyclohexane

oxidation, catalysts showed activity (TON) in the order 1 (654) > 2 (589) > 3 (359) with a high A/(K + L)

ratio up to 23.6. Using catalyst 1, the substrate scope of the reaction was broadened by including other

cycloalkanes such as cyclopentane, cycloheptane, cyclooctane, adamantane and methylcyclohexane.

Further, the Fenton-type reaction in the catalytic cycle was discarded based on the relatively high 3°/2°

ratio of 8.6 in adamantane oxidation. Although the formation of chlorinated products during the

reactions confirmed the contribution of the 3-chlorobenzoyloxy radical mechanism, the high alcohol

selectivity obtained for the reactions indicated the participation of nickel-based oxidants in the oxidation

process.
1. Introduction

Modern catalytic approaches introduced a phenomenal change
in synthetic and industrial chemistry by offering procient and
sustainable methods for synthesising organic molecules of
paramount importance.1,2 In this context, harnessing transition
metal catalysts in functionalisation reactions has sparked
increasing research interest.3–5 The advent of transition metal-
based catalysis opened up new possibilities for organic trans-
formations that were once thought to be unattainable. For
example, the oxidation of a hydrocarbon such as cyclohexane
produces cyclohexanol and cyclohexanone, which are high-
value-added compounds with versatile applications.6 However,
this oxidation is a strenuous task due to the high C–H bond
dissociation energy of cyclohexane and requires multi-step
procedures as well as rigorous reaction conditions.6,7
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Conversely, various catalysts, especially, 3d-metal molecular
catalysts are known to mediate cyclohexane oxidation efficiently
under mild reaction conditions in the presence of a suitable
oxygen source.4,8–21 The catalytic potential of nickel complexes
in cyclohexane oxidation was rst demonstrated using complex
[Ni(TPA)(OAc)(H2O)](BPh4) (I) (TPA = tris(2-pyridylmethyl)
amine) and meta-chloroperbenzoic acid (m-CPBA).11 Later,
several notable attempts using nickel complexes with diverse
ligands were reported, among which nickel(II) complexes of
tetradentate ligands (I–VI) (Scheme 1) showed promising
activity in terms of turnover number (TON) and alcohol selec-
tivity (A/(K + L); A = cyclohexanol, K = cyclohexanone, L =

caprolactone).4,11–17 Also, pyridine is present as the donormoiety
in most of these complexes and its replacement by phenolic or
oxazoline groups has resulted in improved activity (catalysts II
and VI).12,16 Nevertheless, systematic tuning of ligands by
introducing distinct donor moieties and evaluating the catalytic
properties of corresponding complexes has been less examined
in cyclohexane oxidation mediated by nickel(II) complexes.
Moreover, ligands that can stabilise or facilitate the formation
of reactive nickel oxygen species need to be synthesised for
developing more selective and potential catalysts.

Intriguingly, amidate ligands are an exemplary choice for
developing competent catalysts due to their ability to stabilise
higher oxidation states of nickel, which is a key factor in gov-
erning the catalytic potential of many complexes.22–27 For
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Notable reported nickel(II) complexes of tetradentate ligands as the catalysts for cyclohexane oxidation.
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instance, McDonald et al. and Company et al. have extensively
worked on generating, characterising and exploring the reac-
tivity of different high-valent nickel species supported by ami-
date ligands.22–27 Notably, we recently reported that nickel(II)
complexes with aminoquinoline-based monoamidate pincer
ligands exhibit superior catalytic activity in the oxidation of
cycloalkanes compared to other nickel catalysts containing tri-
dentate ligands using m-CPBA as the oxidant.28 The latest
studies on the mechanism of cyclohexane oxidation by nickel(II)
complexes conrm the involvement of the 3-chlorobenzoyloxy
radical pathway and a partial contribution of nickel-based
oxidant in the catalytic cycle.29–31

Also, it is noted that the steric factors of the catalysts play
a pivotal role in the activity and therefore, it is essential to delve
deeper into the impact of ligand choices in the catalytic
performances of nickel(II) complexes. For this reason, we sought
to develop nickel(II) complexes (1–3) containing monoamidate
tetradentate ligands, [2-(bis(pyridin-2-ylmethyl)amino)-N-phe-
nylacetamide (L1; [Ni(L1)(H2O)2](ClO4)2 (1)), 2-(bis(2-pyridin-2-
ylmethyl)amino)-N-(naphthalen-1-yl)acetamide (L2; [Ni(L2)(H2-
O)2](ClO4)2 (2)), and N-benzyl-2-(bis(pyridin-2-ylmethyl)amino)
acetamide (L3; [Ni(L3)(H2O)2](ClO4)2 (3))] and probed their
catalytic potential in cycloalkane oxidation usingm-CPBA as the
oxidant. All the complexes catalyzed the oxidation of cyclo-
hexane and produced cyclohexanol with excellent selectivity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
High 3°/2° obtained in the oxidation substrates such as ada-
mantane and methylcyclohexane ruled out the possibility of the
hydroxyl radical mechanism in the oxidation reaction. In
addition, the formation of chlorinated products during the
oxidation of other cycloalkanes (cyclopentane, cycloheptane
and cyclooctane) revealed the involvement of the free radical
mechanism. However, higher selectivity achieved for the cyclic
alcohols implies that the contribution of a metal-based oxidant
cannot be discarded in the catalytic cycle.
2. Experimental sections
2.1. Materials

All reagents used to synthesise ligands and complexes were
analytical grade and used as such except for m-CPBA. Amino-
methyl pyridine (99%), diethyl ether (99%), m-CPBA (77%),
hydrogen peroxide (30%) (H2O2), carbon tetrabromide (CBr4)
and acetonitrile (CH3CN) HPLC grade were purchased from
Merck. Aniline (99%), pyridine-2-carboxaldehyde (99%),
sodium borohydride (98%), and nickel(II) perchlorate hexahy-
drate were procured from ThermoFisher Scientic. Chloroacetyl
chloride (98%) and tert-butyl hydroperoxide (70%) (t-BuOOH)
were purchased from Spectrochem. Triethylamine and naph-
thylamine were purchased from TCI Chemicals. Benzylamine
was purchased from SRL India. Methanol, dichloromethane
RSC Adv., 2024, 14, 30440–30451 | 30441
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(DCM), chloroform, and acetone were purchased from Quali-
gens. Methanol was distilled over magnesium turnings (10
equiv.) and iodine (1 equiv.). Acetone and dichloromethane
were distilled using calcium chloride and calcium hydride,
respectively. The m-CPBA was puried by dissolving 30 g in
200 mL of diethyl ether and washing with phosphate buffer (pH
7.4, 150 mL). The organic portions were collected by extraction
and dried to obtain m-CPBA with >90% purity.

Caution note! As dried m-CPBA is shock-sensitive, suitable
precautions should be taken when it is handled.
2.2. Physical measurements
1H-NMR/13C-NMR spectra of ligands were collected on Jeol 500
MHz spectrometer. UV-visible spectra of complexes were
recorded in Agilent 8454 diode array spectrometer in acetoni-
trile at room temperature. The attenuated total reection
infrared (ATR-IR) spectra of samples were obtained using Jasco
4700 ATR-FTIR spectrometer at room temperature. Electrospray
ionisation mass spectrometry (ESI-MS) data of the complexes
were measured by Bruker Daltonics-esquire 6000. Aer catal-
ysis, product analysis including identication and quantica-
tion was done using an Agilent 8860 GC series gas
chromatograph equipped with an FID detector, HP-5 GC
column (30 m × 0.32 mm × 0.25 mm). Post-reaction mixture of
cyclohexane oxidation in the presence of CBr4 was analysed
using an Agilent 7820A gas chromatograph equipped with an
HP-5 capillary column 30 m × 0.32 mm × 0.25 mm and a ame
ionisation detector. High-resolutionmass spectrometry (HRMS)
data of the m-CBA adduct was recorded using Waters Synapt XS
HRMS instrument.
2.3. Single crystal X-RD measurements

The X-ray intensity data were collected on a D8 QUEST ECO
three-circle diffractometer system equipped with a Ceramic X-
ray tube (Mo Ka, l = 0.71073 Å) and a doubly curved silicon
crystal Bruker Triumph monochromator. Single crystals were
mounted using a ber loop and optically centred. Multi-scan
was used for the absorption correction. The structures were
solved by direct methods with the program SHELXL-2019/1
(Sheldrick, 2019) and rened by full-matrix least-squares,
based on F2 method using the program SHELXL-2017/1 (Shel-
drick, 2017).
2.4. Generation of steric maps

To calculate the steric map SambVca 2.1A web application was
used which can be found at https://www.aocdweb.com/
OMtools/sambvca2.1/index.html.32 In the web user interface,
the required complex was oriented in a Cartesian frame with
a chosen point at the origin (Ni), a second point along the z-
axis (coordinating nitrogens from the pyridine rings in the
same axis) and a third point in the xz plane (one of the
pyridine nitrogens in the z-direction). Aer alignment of the
complex, nickel and acetonitrile or water molecules, that must
be ignored from the steric map calculations were deleted, and
the rst coordination sphere around the metal was analysed.
30442 | RSC Adv., 2024, 14, 30440–30451
2.5. Synthesis of ligands and complexes

Synthesis of all the ligands L1–L3 was done in three steps by
following/modifying the procedures in the literature and step 1
is the same for all the ligands.33–37 Complexes were prepared by
treating the required ligand with nickel(II) perchlorate hexahy-
drate in methanol at room temperature.

2.5.1. Synthesis of ligands L1–L3
2.5.1.1. Synthesis of 2-(bis(pyridin-2-ylmethyl)amino)-N-phe-

nylacetamide (L1). Step 1: synthesis of bis(2-pyridylmethyl)
amine: synthesis was done by following the procedure avail-
able in the literature.33 Aminomethyl pyridine (0.514 mL, 5
mmol) was added to a methanolic solution of pyridine-2-
carboxaldehyde (0.475 mL, 5 mmol) and stirred for 12 h.
Aerwards, sodium borohydride (0.226 g, 6 mmol) was added to
the reaction mixture under ice-cold conditions and stirred for
another 12 h at room temperature. The crude reaction mixture
was concentrated under reduced pressure and extracted with
DCM (100 mL × 3). Organic fractions were collected, dried over
sodium sulfate and concentrated to obtain a yellowish-brown
oil. Yield: 0.95 g, 95%.

Step 2: synthesis of 2-chloro-N-phenylacetamide: synthesis
was done by adapting the existing procedure in the literature.34

Aniline (0.24 mL, 2.65 mmol) was dissolved in dry DCM under
nitrogen atmosphere and stirred at ice-cold condition. To this,
triethylamine (TEA, 0.154 mL, 1.1 mmol) in dry DCM was
initially added and then chloroacetylchloride (0.35 mL, 4.42
mmol) in dry DCM was added dropwise. The resulting reaction
mixture was allowed to stir for 1 h. Aer that, the crude reaction
mixture was concentrated under reduced pressure and extrac-
ted with DCM (50 mL × 3). Organic fractions were collected and
dried using sodium sulfate and concentrated to obtain the
product as a white solid. Yield: 0.46 g, 92%.

Step 3: synthesis of 2-(bis(pyridin-2-ylmethyl)amino)-N-phe-
nylacetamide (L1): synthesis was done by following the existing
procedure in the literature.34 A mixture of 2-chloro-N-phenyl-
acetamide (0.25 g, 1.48 mmol), bis(2-pyridylmethyl)amine
(0.29 g, 1.48 mmol), N,N-diisopropylethylamine (0.287 g, 2.22
mmol) and potassium iodide (245 mg) was degassed for 30 min.
Then, the reaction mixture was reuxed and stirred for 12 h
under nitrogen atmosphere. The solvent from the reaction
solution was removed using a rotary evaporator to obtain
a brown oil, which was puried using silica column chroma-
tography using DCM-methanol (v/v = 40 : 1) as eluent. Yield:
0.43 g, 90%. ATR-IR, cm−1 (Fig. 2 (top)): 3329 cm−1 (N–H),
1671 cm−1 (C]O). 1H NMR (500 MHz, CDCl3) (Fig. S1†): (dH
ppm) 10.86 (s, 1H), 8.60 (d, 2H), 7.76 (d, 2H), 7.62 (t, 2H), 7.34–
7.29 (m, 4H), 7.16 (dd, 2H), 7.07 (t, 1H), 3.95 (s, 4H), 3.47 (s, 2H).

2.5.1.2. Synthesis of 2-(bis(2-pyridin-2-ylmethyl)amino)-N-
(naphthalen-1-yl)acetamide (L2). Step 2: synthesis of 2-chloro-N-
(naphthalen-1-yl)acetamide: synthesis was done by adapting the
procedure in the literature.35,36 Chloroacetylchloride (0.352 mL,
4.42 mmol) in dry DCM was slowly added to a mixture of 1-
naphthylamine (0.53 g, 3.7 mmol) and triethylamine (0.62 mL,
4.42 mmol) in dry DCM at ice-cold condition under nitrogen
atmosphere. Then, the reaction mixture was stirred for 20 h at
room temperature. The solvent was evaporated under reduced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pressure and the residue was extracted with DCM (50 mL × 3).
The organic fractions were collected and concentrated to get the
product as white crystalline material. Yield: 0.6 g, 74%.

Step 3: synthesis of 2-(bis(2-pyridin-2-ylmethyl)amino)-N-
(naphthalen-1-yl)acetamide (L2): synthesis was done by
following the procedure in the literature.36 A mixture of 2-
chloro-N-(naphthalen-4-yl)acetamide (0.548 g, 2.50 mmol),
bis(2-pyridylmethyl)amine (0.49 g, 2.45 mmol), N,N-diisopro-
pylethylamine (0.325 g, 2.52 mmol) and potassium iodide (13
mg) was degassed for 30 min. Then, the reaction mixture was
reuxed and stirred for 12 h under nitrogen atmosphere. The
solvent from the reaction solution was removed using a rotary
evaporator to obtain a brown oil, which was puried using silica
column chromatography using chloroform-methanol (v/v= 30 :
1) as eluent. Yield: 0.66 g, 70%. ATR-IR, cm−1 (Fig. S2†(top)):
3275 cm−1 (N–H), 1682 cm−1 (C]O). 1H NMR (500 MHz, CDCl3)
(Fig. S3†): (dH ppm) 11.09 (s, 1H), 8.49 (d, 2H), 8.41 (d, 1H), 8.11
(d,1H), 7.85 (d, 1H), 7.65–7.60 (m, 3H), 7.56–7.49 (m, 2H), 7.45
(t, 1H), 7.38 (d, 2H), 7.14 (dd, 2H), 4.07 (s, 4H), 3.60 (s, 2H).

2.5.1.3. Synthesis of N-benzyl-2-(bis(pyridin-2-ylmethyl)
amino)acetamide (L3). Step 2: synthesis of N-benzyl-2-
chloroacetamide: synthesis was done by modifying the proce-
dure available in the literature.34,37 Benzylamine (0.655 mL, 6
mmol) was dissolved in dry DCM at ice-cold condition under
nitrogen atmoshphere. To this, triethylamine (0.35 mL, 2.5
mmol) in dry DCMwas initially added followed by the drop-wise
addition of chloroacetylchloride (0.796 mL, 10 mmol) in dry
DCM. The reactionmixture was stirred in an ice bath for 1 h and
an additional 2 h at room temperature. The solvent from the
reaction solution was reduced under pressure and the residue
was extracted with chloroform (100 mL × 3). The organic frac-
tions were collected, dried over sodium sulfate, and concen-
trated to get the product as white crystalline material. Yield:
0.8 g, 72%.

Step 3: synthesis of N-benzyl-2-(bis(pyridin-2-ylmethyl)
amino)acetamide (L3): synthesis was done by following the
procedure used for synthesising L1 and L2.34,36 A mixture of N-
benzyl-2-(bis(pyridin-2-ylmethyl)amino)acetamide (0.5 g, 2.72
mmol), bis(2-pyridylmethyl)amine (0.54 g, 2.72 mmol), N,N-
diisopropylethylamine (0.53 g, 4.08 mmol) and potassium
iodide (226 mg) was degassed for 30 min. Then, the reaction
mixture was reuxed and stirred for 12 h under nitrogen
atmosphere. The solvent from the reaction solution was
removed using a rotary evaporator to obtain a brown oil, which
was puried using silica column chromatography using DCM–

methanol (v/v = 48 : 2) as eluent. Yield: 0.48 g, 51%. ATR-
IR, cm−1 (Fig. S4† (top)): 3365 cm−1 (N–H), 1656 cm−1 (C]O).
1H NMR (500 MHz, CDCl3) (Fig. S5†): (dH ppm) 9.15 (s, 1H), 8.26
(d, 2H), 7.41 (t, 2H), 7.18 (d, 4H), 7.14–7.11 (m, 1H), 7.07 (d, 2H),
6.97 (dd, 2H), 4.35 (s, 2H), 3.73 (s, 4H), 3.28 (s, 2H). 13C NMR
(125 MHz, CDCl3) (Fig. S6†): (dC ppm) 171.32, 157.95, 149.29,
138.47, 136.50, 128.45, 127.92, 127.10, 123.23, 122.39, 60.53,
58.10, 43.26.

2.5.2. Synthesis of nickel(II) complexes (1–3). Nickel(II)
perchlorate hexahydrate (0.183 g, 0.5 mmol) was taken in a vial
and dissolved in distilled methanol. To this, a methanolic
solution of the ligand (L1–L3) (0.5 mmol) was added dropwise.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The resulting solution was stirred for 1 h to complete the
complex formation. The solvent was removed under reduced
pressure to obtain a blue residue, which was washed with cold
diethyl ether several times and dried to obtain the complex (1–3)
as a blue powder.

[Ni(L1)(H2O)2](ClO4)2 (1): yield = 75%. ATR-IR, cm−1 (Fig. 2
(bottom)): 3343 cm−1 (N–H), 1649 cm−1 (C]O), 1055 cm−1,
963 cm−1, 617 cm−1 (ClO4

−). ESI-MS m/z = 489.1 {[Ni(L1)]2+ +
ClO4

−}+ (calcd. = 489.05) (Fig. S7†).
[Ni(L2)(H2O)2](ClO4)2 (2): yield = 84%. ATR-IR, cm−1

(Fig. S2† (bottom)): 3245 cm−1 (N–H), 1643 cm−1 (C]O),
1055 cm−1, 972 cm−1, 626 cm−1 (ClO4

−). ESI-MS m/z = 539.1
{[Ni(L2)]2+ + ClO4

−}+ (calcd. = 539.06) (Fig. S8†). Single crystals
of [Ni(L2)(CH3CN)2](ClO4)2 (2a) suitable for X-ray analysis were
obtained in the diffusion method, where an acetonitrile solu-
tion of 2 in a vial was kept in another vial lled with diethyl
ether for 1–2 days.

[Ni(L3)(H2O)2](ClO4)2 (3): yield = 60%. ATR-IR, cm−1

(Fig. S4† (bottom)): 3369 cm−1 (N–H), 1641 cm−1 (C]O),
1055 cm−1, 963 cm−1, 621 cm−1 (ClO4

−). ESI-MS m/z = 503.1
{[Ni(L3)]2+ + ClO4

−}+ (calcd. = 503.06) (Fig. S9†). Single crystals
of [Ni(L3)(H2O)(CH3CN)](ClO4)2 (3a) suitable for X-ray analysis
were grown in the diffusion method, where a methanol–aceto-
nitrile (v/v = 1 : 1) solution of 3 in a vial was kept in another vial
lled with diethyl ether for 1–2 days.
2.6. Catalytic oxidation of cycloalkanes

2.6.1. Catalytic oxidation of cyclohexane. The catalytic
oxidation of cyclohexane was performed in a DCM :MeCN
mixture (v/v = 3 : 1) at 60 °C under nitrogen atmosphere for 2 h.
Initially, the nickel catalyst (1–3) (0.15 mM) was taken in
a reaction tube in a DCM :MeCN mixture (3 : 1 v/v) and cyclo-
hexane (2.8 M) was added to it. Further, the oxidant m-CPBA
(0.35 M) was added using a syringe under nitrogen atmosphere
and the reaction mixture was stirred for 2 h at 60 °C. Then, the
reaction mixture was cooled down to room temperature and
internal standard (bromobenzene) was added to the mixture. It
was then passed through a silica plug and eluted with diethyl
ether. The products were identied using an Agilent 8860 GC
series gas chromatograph equipped with an FID detector, HP-5
GC column (30 m × 0.32 mm × 0.25 mm). Product quantica-
tion was done using calibration curves of authentic samples
obtained by following the temperature program with a split
ratio of 25 : 1, inlet temperature = 130 °C, initial temperature =
40 °C, heating rate= 0.1 °Cmin−1 to 42 °C, 8 °Cmin−1 to 190 °C
(hold 1 min). FID temperature = 280 °C.28

2.6.2. Catalytic oxidation of other cycloalkanes. The cata-
lytic oxidation of other cycloalkanes (2.8 M: cyclopentane,
cycloheptane, cyclooctane and methylcyclohexane) was carried
out using the nickel catalyst 1 (0.15 mM) in a DCM :MeCN
mixture (v/v = 3 : 1) at 60 °C under nitrogen atmosphere for 2 h.
Further, the oxidantm-CPBA (0.35 M) was added dropwise using
a syringe. Then, the reaction mixture was cooled down to room
temperature and internal standard (bromobenzene) was added
to it. It was then passed through a silica plug and eluted with
diethyl ether. The products were identied using an Agilent
RSC Adv., 2024, 14, 30440–30451 | 30443
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Scheme 2 Tetradentate ligands employed in this study.
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8860 GC series gas chromatograph equipped with an FID
detector, HP-5 GC column (30 m × 0.32 mm × 0.25 mm) and
quantied using calibration curves of authentic samples ob-
tained by following the temperature program with a split ratio
of 25 : 1, inlet temperature = 130 °C, initial temperature = 40 °
C, heating rate = 0.1 °C min−1 to 42 °C, 8 °C min−1 to 190 °C
(hold 1 min). FID temperature = 280 °C.28

2.6.3. Catalytic oxidation of adamantane. The catalytic
oxidation of adamantane was carried out in a DCM :MeCN
mixture (v/v = 3 : 1) at 60 °C under nitrogen atmosphere for 2 h.
Firstly, the nickel catalyst (0.15 mM) was taken in a reaction
tube containing the solvent followed by the addition of ada-
mantane (0.27 M). Further, the oxidant m-CPBA (0.18 M) was
added dropwise using a syringe under nitrogen atmosphere and
the reaction mixture was stirred for 2 h at 60 °C. Then, the
reaction mixture was cooled down to room temperature and
internal standard (bromobenzene) was added to it. It was then
passed through a silica plug and eluted with diethyl ether. The
products were identied using an Agilent 8860 GC series gas
chromatograph equipped with an FID detector, HP-5 GC
column (30 m × 0.32 mm × 0.25 mm) and quantied using
calibration curves of authentic samples obtained by following
the temperature program with a split ratio of 25 : 1: inlet
temperature = 130 °C, initial temperature = 60 °C, heating rate
= 10 °C min−1 to 130 °C, then to 135 °C with a heating rate =

0.5 °C min−1 and nally to 220 °C at a heating rate = 20 °
C min−1, FID temperature = 280 °C.28

2.6.4. Cyclohexane oxidation in the presence of CBr4.
Catalyst 1 (0.15 mM) was taken in a reaction tube in a DCM :
MeCN mixture (3 : 1 v/v) and cyclohexane (2.8 M) was added to
it. Then, m-CPBA (0.35 M) was added using a syringe under
nitrogen atmosphere followed by the addition of CBr4 (0.35 M).
The reaction mixture was stirred for 2 h at 60 °C. Aer that, the
reaction mixture was cooled to room temperature and passed
through a silica plug and eluted with diethyl ether. The mixture
was analysed using an Agilent 7820A gas chromatograph
equipped with an HP-5 capillary column 30 m × 0.32 mm ×

0.25 mm and a ame ionisation detector.
Fig. 1 UV-vis absorption spectra of complexes 1–3 (10 × 10−3 M)
recorded in acetonitrile at room temperature.
3. Results and discussion
3.1. Synthesis of ligands and complexes

The ligands L1–L3 (Scheme 2) were synthesised by adapting the
procedures available in the literature and involved the dehy-
drohalogenation reaction between bis(2-pyridylmethyl)amine
and the required acetamide precursor (Fig. S1–S6†).33–37
Table 1 UV-vis spectral data (lmax in nm; 3 in M−1 cm−1 in parenthesis) o

Complex

3A2g /
3T1g(P) (n3)

3A2g /
3T1g(F) (n2)Found calcda (nm)

1 − 343 551 (16)
2 − 345 553 (18)
3 − 326 548 (17)

a Calculated by solving the quadratic equation and using B as 1080 cm−1

30444 | RSC Adv., 2024, 14, 30440–30451
The corresponding nickel(II) complexes (1–3) were prepared
by reacting the ligands with nickel(II) perchlorate hexahydrate
in distilled methanol. All the complexes were isolated as blue
powder with good yields. Synthesised ligands and complexes
were characterised with an array of advanced analytical tech-
niques such as 1H NMR, ATR-IR and UV-vis spectroscopies, ESI-
MS and single crystal XRD. Based on these analyses, complexes
were formulated as [Ni(L1)(H2O)2](ClO4)2 (1), [Ni(L2)(H2O)2](-
ClO4)2 (2), [Ni(L3)(H2O)2](ClO4)2 (3).
3.2. Characterisation of complexes

3.2.1 Electronic spectra. The electronic absorption spectra
of complexes 1–3 were recorded in acetonitrile at room
temperature and the data are summarised in Table 1. All the
complexes showed typical UV-vis spectral patterns of nickel(II)
complexes having octahedral geometry in the solution state
with two broad absorption bands (Fig. 1).18–20 With the help of
the Tanabe–Sugano diagram, the high energy band in the range
548–553 nm is assigned to 3A2g(F) /

3T1g(F) (n2) transition and
f nickel(II) complexes 1–3 (10 mM) in acetonitrile at room temperature

(nm) 3A2g /
3T2g(F)(n1) (nm) B0 (cm−1) ab

880 (11) 879 0.813
885 (12) 876 0.811
893 (11) 1018 0.942

.

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05222f


Fig. 2 ATR-IR spectra of ligand L1 (top) and complex 1 (bottom).
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the low energy broad band in the range 880–893 nm is assigned
to 3A2g(F) /

3T2g(F) (n1).
In addition, a shoulder peak around 762–799 nm was also

observed due to the spin-forbidden transition 3A2g(F) /
1E1g(D).

The band corresponding to 3A2g(F) /
3T1g(P) (n3) transition was

not observed experimentally probably due to the overlapping
with the ligand-based high-energy transitions. However, using
l(nm) values of n1 and n2 transitions, n3 l(nm) has been calculated
for all the complexes (1, 343 nm; 2, 345 nm; 3, 326 nm, Table 1).

3.2.2 Vibrational spectra. To understand the vibrational
properties of ligands and complexes ATR-IR spectroscopy was
used. The comparison of ATR-IR spectra of ligands and
complexes revealed that the amide nitrogen of ligand is not
coordinating with the nickel(II) centre, instead the amide
carbonyl oxygen is coordinating (Fig. 2, S2 and S4†). For
example, ATR-IR spectra of all the ligands exhibited amide N–H
stretching frequency in the range 3275–3365 cm−1 and similar
peaks were observed in corresponding nickel(II) complexes in
Fig. 3 ORTEP diagrams of the cationic part of complexes (a) 2a and (b)
probability level. Hydrogen atoms (except from the amide group and wa

© 2024 The Author(s). Published by the Royal Society of Chemistry
the range 3245–3369 cm−1. This nding indicates that the
deprotonation of amide nitrogen did not occur during the
complex formation (while using TEA). Also, the presence of
C]O stretching frequency in all the ligands (1656–1682 cm−1)
and respective complexes (1641–1649 cm−1) implies that the
C]O group of the ligands remains intact during complex
formation. Moreover, all the complexes showed a broad intense
peak at 1055 cm−1, a sharp peak around 617–621 cm−1 and
a weaker absorption peak around 963–972 cm−1, which can be
ascribed to the presence of uncoordinated ClO4

− ions.33,38,39

3.2.3 Electrospray ionisation mass spectrometry (ESI-MS).
ESI-MS of all the complexes in the positive ion mode was
recorded in acetonitrile (Fig. S7–S9†). Complexes 1–3 showed
a similar molecular ion peak in the form {[Ni(L)]2+ + ClO4

−}+, at
m/z= 489.1 (for 1; calcd.m/z= 489.05),m/z= 539.1 (for 2; calcd.
m/z= 539.06), andm/z= 503.1 (for 3; calcd.m/z= 503.06) due to
the removal of one of the uncoordinated perchlorate anions
from the complexes. Besides, an additional peak was observed
in the mass spectra of 2 corresponding to {[Ni(L2)–H]}+.

3.2.4 Single-crystal XRD analysis. For the X-ray analysis,
single crystals of [Ni(L2)(CH3CN)2](ClO4)2 (2a) and [Ni(L3)(H2-
O)(CH3CN)](ClO4)2 (3a) were obtained using vapour diffusion
approach by dissolving [Ni(L2)(H2O)2](ClO4)2 (2) or [Ni(L3)(H2-
O)2](ClO4)2 (3) in a small vial containing acetonitrile/acetoni-
trile–methanol mixture and placing in a larger vial partially
lled with diethyl ether. The ORTEP diagrams of 2a and 3a are
shown in Fig. 3. The selected bond lengths and bond angles of
2a and 3a are summarised in Table 2 and their crystallographic
data is provided in Table 3.

It is noteworthy that, unlike several amidate ligands, the
amide nitrogen in L2 and L3 did not undergo deprotonation
(even in the presence of TEA) during complex formation to
coordinate with the nickel(II) centre, instead, the carbonyl
oxygen participates in the coordination in both 2a and 3a.28,40 A
similar coordination behaviour was observed in the crystal
structure of a zinc complex of L2.36 Nickel(II) centre in both
complexes resides in a distorted octahedral environment coor-
dinated with three nitrogen atoms and one carbonyl oxygen
atom of the respective ligand along with either two acetonitrile
molecules (2a) or one acetonitrile molecule and a water mole-
cule (3a). The acetonitrile molecules are coordinated during the
crystallisation process. Bond angles of 2a and 3a fall in the
3a with labelling schemes. Displacement ellipsoids are shown at 30%
ter molecule) are omitted for clarity.
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Table 2 Selected bond lengths [Å] and bond angles [°] for 2a and 3a

2a 3a

Bond lengths [Å]
Ni1–N5 2.028(3) Ni1–N4 2.042(2)
Ni1–N4 2.089(4) Ni1–N3 2.079(2)
Ni1–N3 2.075(4) Ni1–N2 2.090(2)
Ni1–N2 2.090(3) Ni1–N1 2.081(2)
Ni1–N1 2.057(4) Ni1–O1 2.0649(19)
Ni1–O1 2.065(3) Ni1–O(w) 2.072(2)

Bond angles [°]
N5–Ni1–N4 90.76(12) N4–Ni1–N3 100.01(10)
N5–Ni1–N3 97.49(14) N4–Ni1–N2 177.00(10)
N5–Ni1–N2 174.26(13) N4–Ni1–N1 99.06(9)
N5–Ni1–N1 100.70(14) N3–Ni1–N2 79.77(9)
N4–Ni1–N2 94.39(12) N3–Ni1–N1 160.80(9)
N3–Ni1–N4 90.03(13) N1–Ni1–N2 81.30(9)
N3–Ni1–N2 80.02(12) N4–Ni1–O1 93.17(8)
N3–Ni1–N1 161.81(12) N3–Ni1–O1 94.44(8)
N1–Ni1–N4 89.81(13) N2–Ni1–O1 83.88(9)
N1–Ni1–N2 81.86(12) N1–Ni1–O1 86.69(8)
N5–Ni1–O1 92.10(11) N4–Ni1–O(w) 88.51(9)
N4–Ni1–O1 176.28(13) N3–Ni1–O(w) 85.77(9)
N3–Ni1–O1 91.95(14) N2–Ni1–O(w) 94.45(10)
N2–Ni1–O1 82.86(11) N1–Ni1–O(w) 92.53(9)
N1–Ni1–O1 87.31(14) O1–Ni1–O(w) 178.24(9)
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range 79.77(9)–100.70(14) and 160.80(9)–178.24(9), which
deviate signicantly from the ideal octahedral bond angles of
90° and 180°.
Table 3 Crystallographic data of 2a and 3a

2a

Empirical formula C28H28C
Formula weight (g mol−1) 722.17
Temperature (K) 100(2)
Wavelength/(Å) 0.71073
Crystal size (mm) 0.140 ×

Crystal habit Violet p
Crystal system Triclini
Space group P -1
a (Å) 10.8951
b (Å) 12.6583
c (Å) 12.8328
a (°) 87.684(
b (°) 77.714(
g (°) 72.944(
V (Å3) 1652.77
Z 2
rcald (g cm−3) 1.451
3 (mm−1) 0.808
F(000) 744
q (min, max) (°) 2.31, 27
Reections collected 52 485
Independent reections, R (int) 7553, 0
Max. and min. Transmission 0.8950
Data/restraints/parameters 7553/13
Goodness-of-t on F2 1.043
R1, wR2 (I > 2s(I))a 0.0706,
R1, wR2 (all data) 0.0761,

a R1 = [S(‖Foj − jFc‖)/SjFoj]; wR2 = {[S(w(Fo
2 − Fc

2)2)/S(wFo
4)]1/2}.

30446 | RSC Adv., 2024, 14, 30440–30451
3.3. Oxidation of cycloalkanes

3.3.1. Oxidation of cyclohexane. The catalytic activity of
complexes 1–3 toward oxidation of cycloalkanes was probed
using cyclohexane as the model substrate using various
oxidants such as O2, H2O2, t-BuOOH and m-CPBA in DCM :
MeCN (v/v = 3 : 1) mixture at 60 °C for 2 hours. However, m-
CPBA was found to be the only suitable oxidant for the reaction
(Fig. S10†) and afforded cyclohexanol (A) as the major product
and cyclohexanone (K) along with caprolactone (L; formed due
to the Baeyer–Villiger oxidation of K) as the minor products. In
addition, chlorobenzene (PhCl; formed due to the dissociation
of m-CPBA or m-CPBA adduct) and chlorocyclohexane (Cy6Cl;
produced by the chlorine atom abstraction of cyclohexyl
radical (Cy6c) from the solvent DCM molecule) were also
identied in the reaction mixture (Fig. S10†). The TON of
oxidised products reported here is the average of three deter-
minations, and it is calculated by taking the ratio of the
number of mmol of formed product to the number of mmol of
catalyst used. The catalytic activity was notably affected by the
catalyst loading, oxidant concentration, temperature as well as
time, and thus, the reaction conditions were optimised using
catalyst 1 by tuning these parameters and the results are
summarised in Table 4.

The effect of catalyst loading was studied using different
catalyst concentrations (0.1–0.3 mM, Table 4, entries 1–5). Even
though the achieved total TON was the highest (742) when
0.1 mM (Table 4, entry 1) of 1 was used, the obtained alcohol
3a

l2N6NiO9 C23H27Cl2N5NiO10

663.10
100(2)
0.71073

0.140 × 0.200 0.100 × 0.130 × 0.240
rism Blue prism
c Monoclinic

P1 21/c1
(6) 17.786(3)
(7) 7.4291(13)
(7) 21.345(4)
2) 90
2) 101.411(5)
2) 90
(16) 2764.6(8)

4
1.593
0.959
1368

.55 2.98, 27.57
97 866

.0184 6383, 0.0822
and 0.8550 0.9100 and 0.8020
/555 6383/12/403

1.034
0.2081 0.0429, 0.0942
0.2147 0.0633, 0.1045

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Effect of catalyst loading, oxidant concentration, temperature and time in cyclohexane oxidation using 1a

Entry Cat. conc.b (mM) Cy6Cl (TON) A (TON) K (TON) L (TON) Total TONf PhCl (TON) A/(K + L)

1 0.1 172 528 16 26 742 951 12.6
2 0.15 136 497 10 11 654 878 23.6
3 0.2 90 348 6 8 452 621 24.8
4 0.25 63 356 5 10 434 441 23.7
5 0.3 83 197 4 5 289 408 21.8

Oxidantc (M)
6 0.05 13 61 2 — 76 159 30.5
7 0.15 73 150 5 — 228 397 30.0
8 0.25 68 398 8 6 480 489 28.4
9 0.35 136 497 10 11 654 878 23.6
10 0.45 150 533 5 35 723 930 13.3

Temp.d (°C)
11 25 — — — — — 60 —
12 40 26 240 5 6 277 125 21.8
13 50 37 355 9 7 408 322 22.1
14 60 136 497 10 11 654 878 23.6
15 80 135 524 11 15 685 918 20.1
16 100 153 538 16 17 724 1107 16.3

Timee (h)
17 0.5 15 99 4 — 118 270 24.7
18 1.0 28 167 6 1 202 374 23.8
19 1.5 46 260 6 5 317 406 23.6
20 2.0 136 497 10 11 654 878 23.6
21 2.5 134 520 10 12 676 890 23.6
22 5 128 416 9 12 565 856 19.8
23 10 104 407 8 14 533 739 18.5
24 24 61 356 2 44 463 622 7.7

a Cy6Cl = chlorocyclohexane, A = cyclohexanol, K = cyclohexanone, L = caprolactone, PhCl = chlorobenzene. b Reaction conditions: cyclohexane
(2.8 M), oxidant (0.35 M), catalyst in DCM :MeCN solvent mixture (v/v = 3 : 1), 60 °C, 2 h under N2.

c Reaction conditions: cyclohexane (2.8 M),
catalyst (0.15 mM) in DCM :MeCN solvent mixture (v/v = 3 : 1), 60 °C, 2 h under N2.

d Reaction conditions: cyclohexane (2.8 M), oxidant (0.35
M), catalyst (0.15 mM) in DCM :MeCN solvent mixture (v/v = 3 : 1), 2 h under N2.

e Reaction conditions: cyclohexane (2.8 M), oxidant (0.35 M),
catalyst (0.15 mM) in DCM :MeCN solvent mixture (v/v = 3 : 1), 60 °C under N2.

f TON = number of mmol of product/number of mmol of
catalyst. The TON is the average of three determinations.
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selectivity (A/(K + L)= 12.6) was the lowest. Upon using 0.15 mM
of catalyst, a double-fold increment in the alcohol selectivity
(23.6) was noted with a total TON of 654 (Table 4, entry 2). As the
catalyst concentration increased, the obtained total TON
decreased by maintaining the alcohol selectivity (Table 4,
entries 3–5). Therefore, the optimum catalyst loading was
selected as 0.15 mM. Then, the reactions were performed under
different oxidant concentrations (0.05–0.45 M) and evaluated
the catalytic activity (Table 4, entries 6–10). When lower oxidant
concentrations were used, the total TON obtained was poor,
but, excellent alcohol selectivity was observed (Table 4, entries 6
and 7). With the increment in the amount of oxidant used, an
enhancement in the total TON (480–723) and a drop in the A/(K
+ L) ratio (28.4–13.3) were noted (Table 4, entries 8–10). Based
on the results, a high total TON (654) with a good A/(K + L) ratio
(23.6) was achieved using 0.35 M of m-CPBA and it was taken as
the optimum oxidant concentration (Table 4, entry 9). Further,
the temperature effect on the catalytic activity was monitored by
performing the reaction at different temperatures (25–100 °C;
Table 4, entries 11–16). The reaction at 25 °C did not afford any
oxidised products, rather a small amount of chlorobenzene
© 2024 The Author(s). Published by the Royal Society of Chemistry
(PhCl) was formed. A gradual increase in the total TON (277–
724) was seen when the reaction temperature was changed with
in the range of 40 °C to 100 °C. However, high temperatures
favoured overoxidation as well as Baeyer–Villiger oxidation and
produced more amount of K and L. This, in turn, reduced
alcohol selectivity at high temperatures and thus 60 °C was
chosen as the suitable temperature for the reaction. In addition,
the effect of reaction time was also evaluated by carrying out the
reactions for various time durations (Table 4, entries 17–24). Up
to 2.5 h, an improvement in the total TON was noted with good
alcohol selectivity. In contrast, keeping the reaction for 5, 10 or
24 h led to decreased activity, which could be due to the evap-
oration of solvent or volatile oxidised products over time. The
difference in the catalytic activity was only marginal when the
reaction time was 2 or 2.5 h and thus the optimum time for the
reaction was selected as 2 h. Under optimised conditions,
a control experiment was performed without using any catalyst
and the oxidised products were formed in trace amounts
(Table 5, entry 1). On the other hand, using catalysts 1–3, the
reaction progressed very well and afforded A, K and L along with
Cy6Cl and PhCl in moderate yield (15.4–28.0%). The catalytic
RSC Adv., 2024, 14, 30440–30451 | 30447
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Table 5 Catalytic cyclohexane oxidation using 1–3a

Entry Catalystb Cy6Cl (TON) A (TON) K (TON) L (TON) Total TONc PhCl (TON) A/(K + L) Yieldd (%)

1 None 25 52 9 — 86e 59 5.7 4
2 1 136 497 10 11 654 878 23.6 28.0
3 2 96 472 9 12 589 782 22.4 25.2
4 3 65 275 8 11 359 508 14.4 15.4
5 1 48 62 10 23 143 223 1.8 6.1

a Cy6Cl = chlorocyclohexane, A = cyclohexanol, K = cyclohexanone, L = caprolactone, PhCl = chlorobenzene. b Reaction conditions: cyclohexane
(2.8 M), oxidant (0.35 M), catalyst (0.15 mM) in DCM :MeCN solvent mixture (v/v = 3 : 1), 60 °C, 2 h under N2.

c TON= number of mmol of product/
number of mmol of catalyst. The TON is the average of three determinations. d Yield based on m-CPBA. e Values based on 0.15 mM virtual nickel
catalyst.

Fig. 4 Steric maps of 1 (a), 2 (b) and 3 (c) with % Vbur generated using SambVca 2.1 web application.

Table 6 Catalytic data of previously reported nickel(II) complexes of
tetradentate ligands (selected examples) in cyclohexane oxidation
using m-CPBA as the oxidant along with 1–3

Catalyst Total TON A/(K + L) ratio Yielda (%) Ref.

I 656 8.5b 58.7 11
II 858 7.7b 85.8 12
III 442 9.8 88.3 13
IV 622 8.7 62.2 14
V 601 7.1 60.1 15
VI 974 8.6 97.4 16
1 654 23.6 28.0 This work
2 589 22.4 25.2 This work
3 359 14.4 15.4 This work

a b
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activity was in the order 1 > 2 > 3 in terms of total TON as well as
A/(K + L) ratio (Table 5, entries 2–4).

The catalytic activity was majorly inuenced by the steric
factors of the ligands. The m-CPBA adduct formation with the
catalyst or facile approach of the substrate towards the reactive
species is favoured in a less steric-hindering environment. The
bis(2-pyridylmethyl)amine unit is commonly present in all the
complexes and imparts the same steric hindrance. On the other
hand, monocyclic aniline donor moiety in complex 1 provides
less steric hindrance than dicyclic naphthyl amine moiety in
complex 2 and this could be attributed to the enhanced activity
of 1 over 2. Similarly, complex 3 containing monocyclic ben-
zylamine moiety is expected to show more catalytic activity than
complex 2. Nevertheless, even with the lowest steric hindrance
calculated for 3 (% Vbur = 72.2) using the SambVca 2.1 web
application, it was found to be the least active catalyst (Fig. 4).
This is possibly due to the rapid free rotation of the benzylic
CH2 group in 3, that can hamper the easy access of m-CPBA or
substrate to the nickel centre and decrease the catalytic activity.
Also, the present catalysts have a higher % Vbur (72.2–81.3) than
our recently reported aminoquinoline-based pincer nickel(II)
30448 | RSC Adv., 2024, 14, 30440–30451
catalysts (% Vbur = 57.7–66.0), which correlates with the greater
activity observed for the latter set of complexes.28

Moreover, compared to previously reported tetradentate
nickel complexes (Scheme 1 and Table 6), the total TON and
overall yield were lower when catalysts 1–3 were used.4 Despite
that, remarkable improvement in the A/(K + L) ratio was
Yield based on m-CPBA concentration. The ratio given is A/K.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed with the present catalysts. The results suggest that the
introduction of donor groups such as aniline, naphthylamine
and benzylamine positively inuences alcohol selectivity, but,
does not enhance the overall yield.

The reaction when performed under an O2 atmosphere (Table
5, entry 5) drastically reduced the product formation (TON, 143)
and the A/(K + L) ratio (1.8), which could be attributed to the
Russell termination of the radical chain reaction. During the
oxidation process, the reactive species generate cyclohexyl radi-
cals (Cy6c) by abstracting a hydrogen atom from cyclohexane.
Upon exposure to O2, Cy

6c radicals react with O2 to form cyclo-
hexyl peroxy radical species (Cy6OOc). In the next step, radical
coupling between two Cy6OOc species leads to the formation of
Cy6OOOOCy6 tetroxide, and it eventually produces an equimolar
amount of cyclohexanol and cyclohexanone. The formation of
Cy6c radicals during the oxidation process was further conrmed
by performing the reaction in the presence of CBr4 and identi-
fying the presence of bromocyclohexane in the post-reaction
mixture. This occurs due to the bromine atom abstraction from
CBr4 by Cy

6c radicals generated in the reaction (Fig. S11†).
Aerwards, the effect of the ring size in the oxidation reaction

was studied using other cycloalkanes such as cyclopentane
(Cy5H), cycloheptane (Cy7H) and cyclooctane (Cy8H) in the pres-
ence of catalyst 1 and the results are provided in Table 7
(Fig. S12†). The obtained total TON and overall yield were
correlated to the ring size of the substrates. For example, the total
TON achieved was only 385 in the case of cyclopentane, whereas
in the case of cyclooctane, it reached 834. Although the bond
dissociation energy of cyclopentane (95.6 kcal mol−1) is less than
that of cyclohexane (99.5 kcal mol−1), the latter was more
susceptible to oxidation.7 Similar observations were reported for
nickel and cobalt catalysts using m-CPBA as the oxidant.28,41

The regioselectivity of reactive species was examined using
catalyst 1 and substrates such as adamantane and methyl-
cyclohexane with primary (1°), secondary (2°), and tertiary (3°)
C–H bonds (Tables S1 and S2†). The oxidation of adamantane
afforded 1-adamantanol (3°-ol), 2-adamantanol (2°-ol), 2-ada-
mantanone (2°-one) and 1-chloroadamantane (3°-Cl) with
a total TON of 337 and 3°/2° ratio of 8.6 (Table S1 and Fig. S12†).
If the adamantane oxidation reaction proceeds via a Fenton-
type mechanism (cOH radical), a poor 3°/2° = 0.4–1.3 is typi-
cally observed.29 A 3°/2° ratio in the range of 4.4–6.9 was re-
ported by Hartwig et al. stating the involvement of 3-
chlorobenzoyloxy radical in the catalytic cycle.29 A much higher
value in the range of 8.7–18.7 is noted in a few reports where the
Table 7 Oxidation of cycloalkanes using 1a

Substrateb (CynH) CynCl (TON) A (TON) K (

Cy5H 92 278 15
Cy6H 136 497 10
Cy7H 186 506 70
Cy8H 228 532 74

a CynCl = chloro derivative of the respective substrate, A = cycloalcohol, K
(2.8 M), oxidant (0.35 M), catalyst (0.15 mM) in DCM :MeCN solvent mixtu
number of mmol of catalyst. The TON is the average of three determinati

© 2024 The Author(s). Published by the Royal Society of Chemistry
involvement of a nickel oxygen species was proposed.4,16 Even
though the ratio determined in the present study can be used to
discard the possibility of the Fenton-type mechanism, it does
not ensure or exclude the presence of 3-chlorobenzoyloxy
radical or the nickel-based oxidant in the catalytic cycle.
Further, the oxidation of methylcyclohexane was carried out
using 1 and obtained tertiary (3°-ol), secondary (o, m, p-ols and
2°-ones) and primary (1°-ol) C–H oxidised products with
a preference for secondary C–H oxidation (3°-ol : 2°-ols = 36 :
64). In contrast, the control experiment without any catalyst
afforded 3°-ol majorly with poor overall yield (3°-ol : 2°-ols =

82 : 18) (Table S2†). Similar ndings have been noted in
previous studies where a nickel-based oxidant was proposed.16,21

Furthermore, to identify if any nickel intermediate is formed
during the catalytic reaction, the reaction of catalyst 1 and m-
CPBA was examined using UV-vis spectroscopy at room
temperature. However, no spectral changes were noticed in the
complex spectrum (5 mM) aer the addition of m-CPBA (1
equiv.). Despite that, the addition of the base, triethylamine (1
equiv.) in the reactionmixture led to a redshi in the absorption
bands of complex 1 from 551 to 561 nm, 762 to 771 nm, and 880
to 934 nm (Fig. S13a†). HRMS analysis of the reaction mixture
revealed the formation of an m-CBA adduct of complex 1 (m/z =
545.0895 [Ni(L1) + (m-CBA-H)]+ (calcd = 545.0890) (Fig. S13b†).
In addition, them-CBA adduct formation was further conrmed
by the same spectral pattern obtained upon the reaction of 1 (5
mM) with m-CBA (1 equiv.) in the presence of triethylamine (1
equiv.) in acetonitrile at room temperature (Fig. S13a†).

Nevertheless, these observations do not conclusively
substantiate the formation of m-CPBA or m-CBA adduct during
the oxidation of cycloalkanes using catalysts 1–3. In general, our
results demonstrate that catalysts 1–3 are capable of catalysing
the oxidation of a series of cycloalkanes using m-CPBA as the
oxidant with excellent alcohol selectivity. By considering recent
advances in the mechanistic studies of this chemistry, three
possible pathways are proposed for the cycloalkane oxidation
catalyzed by complexes 1–3 (Scheme 3). The high A/(K + L) ratio
obtained and preferential oxidation of 2° C–H bonds in methyl-
cyclohexane direct towards the contribution of nickel-based
oxidants (paths 1 and 2). Although the reports in the last
decade discussed a mechanism that occurs exclusively through
path 1,11,12,14,15,18–20 the latest theoretical and experimental nd-
ings validate the contribution of paths 2 and 3.13,28–31 All the
pathways are expected to start with the formation of an m-CPBA
adduct from the reaction of the nickel(II) complex andm-CPBA. If
TON) Total TONc,d PhCl (TON) Yielde (%)

385 473 16.5
654 878 28.0
762 436 32.6
834 380 35.7

= cycloketone, PhCl = chlorobenzene. b Reaction conditions: substrate
re (v/v = 3 : 1), 60 °C, 2 h under N2.

c TON= number of mmol of product/
ons. d TON of lactone is excluded. e Yield based on m-CPBA.
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Scheme 3 Possible mechanistic pathways of cycloalkane oxidation catalysed by complexes 1–3 using m-CPBA as the oxidant.
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the oxidation proceeds via path 1, the formed m-CPBA adduct
undergoes O–O homolysis to generate [(L)NiII–Oc] and this
species further abstracts a hydrogen atom from the substrate to
form Rc radical. In path 2, a hydroxo species [(L)NiIII–OH]
produced from the m-CPBA adduct is responsible for the gener-
ation of the substrate radical (Rc). Unlike paths 1 and 2, a non-
nickel-based reactive species (3-chlorobenzoyloxy radical) is
involved in path 3 for the generation of Rc radicals. Nonetheless,
in all the cases, the formed Rc radicals either react with m-CPBA
to produce cyclic alcohol or abstract a chlorine atom from the
dichloromethane solvent to produce chlorocyclohexane. Even
though the literature provides evidence for the aryloxy radical
mechanism, efforts to trap or characterise the proposed nickel-
based oxidants have not yielded success to date.
4. Conclusion

Three monoamidate tetradentate ligands (L1–L3) and the
respective nickel(II) complexes (1–3) were prepared and charac-
terised. The catalytic potential of 1–3 was evaluated in the
oxidation of cyclohexane using m-CPBA as the oxidant.
Complexes showed activity in the order 1 (654) > 2 (589) > 3 (359)
with a high A/(K + L) ratio up to 23.6. In addition, oxidation of
other cycloalkanes such as cyclopentane, cycloheptane, cyclo-
octane, methylcyclohexane and adamantane was performed
using catalyst 1. Strikingly, the ring size of the substrates inu-
enced the oxidation susceptibility of the substrates due to which
cyclopentane oxidation resulted in low overall product yield and
cyclooctane oxidation resulted in high overall product yield. A
relatively high 3°/2° ratio (8.6) determined for adamantane
oxidation conrmed the non-involvement of the Fenton-type
30450 | RSC Adv., 2024, 14, 30440–30451
mechanism (3°/2° = 0.4–1.3) in the catalytic cycle. Similarly,
the preferential oxidation of 2° C–H bonds in methylcyclohexane
indicated the possible participation of nickel-based oxidant in
the oxidation reaction. However, the presence of chlorinated
products and a high amount of chlorobenzene in the reaction
mixture support the major contribution of the 3-chlor-
obenzoyloxy radical mechanism.
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