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Water-soluble nickel(i)-guanidine-based complexes successfully catalyzed the C—H chlorination of a
series of hydrocarbons in the presence of NaOCl and acetic acid in water—chloroform (7 : 3, biphasic con-
dition) at room temperature. Majorly chlorinated products (TON ~680 for cyclohexane) were obtained.
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Furthermore, C—H bond bromination of cyclohexane, n-hexane, and toluene was also carried out using
in situ generation of NaOBr. These putative formations of Ni(i) species were characterized by electron
paramagnetic resonance (EPR) spectroscopy, and the plausible mechanism for chlorination was
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Introduction

Catalytic sp®> C-H functionalization is highly demanded in
modern industrial and pharmaceutical areas." To date, over
5000 naturally occurring organic halogenated compounds have
been identified and characterised.> The incorporation of
carbon-halogen bonds in synthetic active pharmaceutical
ingredients and natural compounds enhances durability, stabi-
lity against biodegradation and oxidation, biological activity,
and membrane permeability.’> Additionally, over the past four
decades, halogenated building blocks have become increas-
ingly important in the development of cross-coupling chem-
istry (Scheme 1).*

In nature, thousands of halogenated molecules are pro-
duced exclusively by various metalloenzymes, such as the halo-
genase SyrB2.> Non-heme iron halogenases are powerful bioca-
talysts that are capable of halogenating unactivated sp’-hybri-
dized carbon centers with high stereo- and regio-selectivity.?>?
Inspired by the reactivity of the halogenase enzyme, numerous
research groups have explored various first-row transition
metal complexes to mimic many aspects of this remarkable
reactivity toward the activation of inert C-H bonds.® In 2010,
Groves and coworkers demonstrated that a highly electron-
deficient manganese porphyrin, Mn(TPFPP)CI, efficiently and
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selectively catalyzes C-H chlorination and bromination of
various simple alkanes in dichloromethane (DCM) at room
temperature (RT).** Mechanistic studies revealed that the reac-
tive oxomanganese(v) species readily abstracts a hydrogen
atom from a substrate C-H bond, forming a substrate-derived
radical and an HO-Mn"(por) intermediate. The HO-Mn"
intermediate then exchanges the hydroxyl ligand with excess
hypochlorite anions, which then transfer the chlorine to the
alkyl radical. The Costas group used a Ni(u) catalyst with a
robust triazacyclononane ligand for the chlorination of
alkanes using NaOCl as the terminal oxidant and chloride
source.”* Company and coworkers used Ni(i) complexes of a
tetradentate macrocyclic bis(amidate) ligand, which showed
promising reactivity towards alkanes at —30 °C in the presence
of NaOCL®? In this regard, a terminal Ni(m)-oxygen adduct
was characterised by the McDonald research group using a car-
boxamidate ligand framework.®® Recently, our research group
reported that Ni(u) complexes supported by amido-quinoline
ligands effectively catalyze C-H chlorination of strong C-H
bonds, producing exclusively chlorinated products without any
hydroxylated by-products in a mixture of acetonitrile and di-
chloromethane (8:2) at room temperature (RT).* Despite
numerous attempts with various synthetic catalysts using first-
row transition metals, a major concern remains the catalyst’s
solubility and stability in an aqueous medium. Therefore,
there is a significant opportunity for synthetic chemists to
develop a new catalyst capable of achieving selective halogena-
tion in an aqueous medium.

Guanidines have proven to be powerful N-donor ligands in
coordination chemistry and have drawn great attention in the
past two decades.” Guanidine is also categorized as an organo-
superbase with amine basicity due to the resonance stabiliz-
ation of its conjugated acids. However, their applications are
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Ne TON =212
TON =24 (For cyclohexane)
= Halogenation by our Ni-complex
LNi*
i» R=X (X =CI/Br)
NaOCl/NaOBr H,O:CHCI; (L = Ethylenebisbiguanide/Biguanide)

TON =680 + 60
(For cyclohexane)

Scheme 1 C(sp®)-H halogenation by biomimetic Ni(i) guanidine complexes.

limited to specialized areas such as bioinorganic chemistry,”*?
ionic liquids,”® polymerisation catalysts”® and asymmetric
Bronsted-based organocatalysts.”*? In this report, we highlight
that water-soluble guanidine complexes® of Ni() successfully
chlorinate a series of hydrocarbons (Csp,:~H bond energy from
99.3 keal mol™ (cyclohexane) to 87 kecal mol™" (ethylbenzene))’
in the presence of NaOCI and acetic acid in a water and chloro-
form mixture (7: 3) at room temperature (RT). Furthermore, bro-
mination was carried out by in situ generation of NaOBr using an
equimolar mixture of NaOCI and NaBr. An insignificant amount
of chlorinated product was found with the brominated product.®®

Results and discussion
Characterization of Ni(u) complexes

The nickel(n) complexes were synthesized by the reaction of
ammoniacal NiCl,-2H,0 with ethylenebisbiguanide chloride

(L1) and biguanide chloride (L2) as ligands, respectively
(Scheme 2).® The ligands were synthesized according to a
reported method with little modification (Fig. S1 and
$2+).%1%11 Both complexes were isolated as orange colour crys-
tals and characterized by various analytical techniques. ML1
exhibits a square-planar geometry with no significant distor-
tion around the nickel center (Fig. 1, Table 1, and Table S1t)
as per single-crystal X-ray diffraction data.®”® The methylene
groups were on and out of the plane, and the rings were non-
planar. The five-membered ring containing Ni-N1 and Ni-N6
bonds had similar bond lengths, which were larger than the
Ni-N3 and Ni-N8 bond lengths. The five-membered chelate
angles were smaller than 90°, providing tight chelation around
the nickel center. The composition of the Ni(u) guanidine
complexes was further confirmed by HR-MS analysis (Fig. S37).
The experimental mass data were matched with the theoretical
mass data predicted using Isotope Distribution Calculator
(MassHunter software). "H and "*C NMR spectra of ML1 and
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Scheme 2 Synthetic scheme of Ni(i) guanidine complexes.
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Fig.1 ORTEP plot of ML1. Selective interatomic distances and angles
[°] for ML1: Ni(1)-N(3) = 1.859 A, Ni(1)-N(6) = 1.870 A, Ni(1)-N(1) =
1.870 A, Ni(1)-N(8) = 1.861 A, [N(6)—-Ni(1)-N(8)] = 92.13°, [N(3)-Ni(1)-N
(1)] = 91.98°, [N(3)-Ni(1)-N(8)] = 89.51°, and [N(3)-Ni(1)-N(8)] = 92.13°.
The ellipsoids are set at a probability of 50%.

Table 1 Crystal data and structure refinement parameters of the ML1

complex

Complex ML1

Empirical formula CgH;5Cl,N;(NiO
Formula weight 375.8906
Temperature (K) 298

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P2,/n

a (A)fa () 6.90670(10)/90

b (A)p (°) 11.6814(2)/100.7390(10)
c (A)ly () 18.0095(3)/90
Volume (A%) 1427.56(4)

zZ 4

Density (calc.) (mg m™?) 1.721

Absorption coefficient (¢) (mm™) 1.746

F (000) 752

Crystal size (mm?) 0.221 X 0.204 x 0.184
Theta ranges for data collection 2.008-26.022

Index ranges

—8<h<8,-14<k<14,
-22<1<22

Reflections collected 23837
Independent reflections 2927 [R(int) = 0.0450]
Data/restraints/parameters 2927/0/253
Goodness-of-fit on F* 1.099
Final R indices R, =0.0301
[1> 20(D)] WR, = 0.0312
R indices (all data) R, =0.0348
WR, = 0.0712

Largest diff peak and hole (e A™)

0.373 and —0.284

ML2 complexes were examined in order to substantiate the
diamagnetic Ni(u) complexes (Fig. S4 and S57). The CV of the
complexes, recorded in methanol, showed a quasi-reversible
one-electron wave at E;, = 1.11 V and 1.13 V for ML1 and ML2
respectively, using Ag/AgCl (3 M KCl) as a reference electrode
at room temperature (RT) (Fig. S61). The UV-Vis spectra of both
the Ni(u) complexes were recorded in water. Both the complexes
displayed a similar pattern, with one band in the UV region

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

around 230-320 nm and a broad band in the visible region
around 441-480 nm (Fig. S7t). Frontier molecular orbitals
(HOMO and LUMO) obtained from DFT calculations are
shown in Fig. S8.1 The calculations indicated that the singlet
state is the ground state, and the d,. and d,.,. orbitals corres-
pond to the HOMO and LUMO, respectively.

Reactivity study (chlorination)

The optimization conditions for alkyl chloride formation were
performed using ML1 as the catalyst (0.05 umol), cyclohexane
as the substrate, and NaOCI as both the oxidant and chlorine
source in the presence of acetic acid (AcOH) (Fig. S9f).
Without AcOH, a black precipitate of NiO was formed, and the
yield of the chlorinated product was very low. With 0.30 mmol
NaOCl, 0.15 mmol AcOH, and 0.25 mmol cyclohexane in the
presence of 0.05 pmol ML1, a turnover number (TON) of 680
was achieved within 15 minutes (Table 2, entry 4, Fig. S9,}
22% conversion). The GC and GC-MS chromatograms and
NMR spectra indicated the formation of only chlorinated pro-
ducts without any hydroxylated products in the presence of the
ML1 complex (Fig. S10, and S11f). In a control experiment
without the nickel complex, a significantly lower product yield
(entry 7, ~4.3% compared to ML1, entry 4, Table 2) was
observed for cyclohexane. An earlier study by the Costas group
reported that acetic acid enhances the reaction rate by stabiliz-
ing the Ni(m) center.® Similarly, we found that increasing the
acetic acid amount improved the TON (Table 2, entry 4 vs. 5,
and Fig. S12}). After optimizing the reaction conditions
(Table 2, entry 4, and Fig. S9t), the TON for chlorocyclohexane
formation was measured using ML2 catalysts (Table 2, entry 6,
and Fig. S131). The TON values for ML1 and ML2 were signifi-
cantly higher than those for previously reported Ni(u)-amido
quinoline complexes, [Ni"(Pytacn)(CF;S05),] (Pytacn = 1-(2-pyr-
idylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane), [Ni"(L)] (L =
bis-amidate ligand), and Mn(porphyrin) systems using NaOCl
(Table 3, TON varies from 24-212).° Under the optimized con-
ditions (Table 2, entry 4), we investigated the reaction’s versati-
lity and applicability across a range of commercially accessible
hydrocarbons. The bond dissociation energies of the C(sp®)-H
bonds in the substrates varied from 99.3 kcal mol™" (cyclo-
hexane) to 87 kcal mol™" (ethylbenzene).” Using toluene as the
substrate (Table 4, entry 2, and Fig. S147), the methyl group

Table 2 Optimization of C—H chlorination®

Entry Catalyst NaOCl (mmol) TON Conversion (%)

1 ML1 0.100 250 £18 8.10
2 ML1 0.15 373 £27 12.1
3 ML1 0.25 552 £20 17.9
4 ML1 0.30 680 + 60 22

5 ML1 0.30° 382 +32 12.4
6 ML2 0.30 500 + 35 16.2
7 — 0.30 — 4.30

“Reaction conditions (unless otherwise specified): ML1 (0.05 pmol),
substrate (0.25 mmol), NaOCl (0.30 mmol), AcOH (0.15 mmol) in
H,0:CHCl; (7:3 v/v) 1 mL for 30 min at RT. ”In the presence of
0.075 mmol AcOH.
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Table 3 Catalytic activity of various catalysts for C—H chlorination of cyclohexane with NaOCl in the presence of acetic acid

Cl
Cat
—_—
NaOCI
Time Temp. TON
Entry Catalyst (h) (°C) (chlorination) Solvent
1 Ni"L1/NaOCl (this work) 0.5 RT 680 + 60 H,0: CHCI; (7:3)
2 [Ni"-Amidoquinoline]/NaOCI% 0.5 RT 212 ACN:DCM (8:2)
3 [Ni" (L)] (L = bisamidate ligand)/NaOCI*? 2 -30 44 ACN
4 [Ni"(Pytacn)(CF;S03),] (Pytacn = 1-(2-pyridylmethyl)-4,7-dimethyl-1, 2 RT 24 ACN
4,7-triazacyclononane)/NaOCI*

5 Mn(TPP)Cl/NaOCI** 2 RT 87 DCM
Table 4 Catalytic C—H chlorination and bromination of cyclic, benzylic, and linear alkanes®
Entry Substrate Product TON
1 O O/CI 680 + 60
2 200 + 20°

©/ @/\d
3 ©/\ Cl 370 + 30
4 @ Cl 1600 + 200(3°); 320 + 30(2°)

@C'
6 130 + 20
Cl
7 NN Cl Cl 108(29); 27(1°)
/\)\/ NN
)\/\/ (o]

8P O Br 125
9b 82

©/ Br
10? NN 115(2°); 6(1°)

Br
/\(\/)\/\/ NN,
Br

“%Reaction conditions: ML1 (0.05 pmol), substrate (0.25 mmol), NaOCI (0.30 mmol), AcOH (0.15 mmol) in H,O : CHCl; (7: 3 v/v) 1 mL for 30 min
at RT. ”ML1 (0.05 pmol), substrate (0.25 mmol), NaOCI (0.30 mmol), NaBr (0.30 mmol), AcOH (0.15 mmol) in H,O/CHCI; (7:3 v/v) 1 mL for
30 min at RT. The products were identified using GC-MS. TON of entries 1-5, 8, and 9 were determined by GC-FID. TON for entry 6 was deter-
mined using toluene (25 mmol) as an internal standard. TON of entry 7 was determined by both GC-MS and '"H-NMR. °In complete water
medium, TON ~87. Conversion of entries 1-5 is given in Table S2.}
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was exclusively halogenated without hydroxylation on the aro-
matic ring (TON ~200). Chlorination of toluene was also
carried in water and product quantification via HPLC gave a
TON of ~87. In the case of ethylbenzene, 1-chloroethylbenzene
was the primary product (TON 370 + 30 for complex ML1),
although both secondary and primary C-H bonds were avail-
able (Table 4, entry 3, Fig. S15 and S16%). For adamantane, the
3°/2° selectivity with ML1 was 1600 + 200 and 320 + 30,
respectively (Table 4, entry 4, Fig. S17 and S187). For 4-methyl
biphenyl, the product was 4-(chloromethyl)-1,1-biphenyl
(Table 3, entry 5, Fig. S19 and S207). According to GC-MS ana-
lysis, chlorination of 2,3-dimethyl butane occurred at the 3° C-
H bond rather than the 1° C-H bond (Table 4, entry 6, and
Fig. S217). In the case of n-hexane, which has one primary (1°
C-H) and two different secondary (2° C-H) bonds with identi-
cal bond dissociation energies, the reaction showed ~4 times
more chlorination at the 2° C-H bond over the 1° C-H bond
(Table 4, entry 7, and Fig. S227). Selectivity for the 2-position
was 1.4 times greater than that for the 3-position, as deter-
mined by "H-NMR (Table 4, entry 7, Fig. $23 and S247). This is
likely due to the radical generated at the 2-position being more
favourable due to electronic (hyper-conjugation) and steric
factors.”> A similar result was also observed for n-pentane
(Fig. S25%). In Table S4,f the reactivity of ML1 was compared
with previously reported first row transition metal complexes.

Reactivity study (bromination)

We extended our chlorination studies to the bromination of
benzylic and aliphatic substrates. Instead of NaOBr, a combi-
nation of equimolar NaBr and NaOCl was used to generate
in situ hypobromite (details are given in the ESI{)."* The bro-
mination of cyclohexane yielded cyclohexyl bromide as the
major product (TON ~125) with minimal cyclohexyl chloride
(TON ~2), indicating that the hypobromite serves as the
halogen source rather than the solvent or the axial ligand
(Table 4, entry 8, Fig. S26 and S277). For toluene as a substrate,
the TON was found to be 82 with 100% selectivity for benzyl
bromide (Table 4, entry 9). Bromination of n-hexane was con-
firmed by GC-MS analysis (Table 4, entry 10, and Fig. S28%)
and more bromination was observed at the 2° C-H bond.

Mechanistic findings

To gain insight into the mechanism, we performed chlori-
nation reactions for substituted ethylbenzene bearing electron-
donating and electron-withdrawing groups. We found that
ethylbenzene with an electron-donating group is more prone
to oxidation. It implies that the formation of an electrophilic
intermediate, which might be stabilized by the electron-donat-
ing group in substituted ethylbenzene, could be explained by
the negative p value (—1.90) obtained from the Hammett plot
(Fig. 2a and Fig. S297). After that, various spectroscopic tech-
niques were used to identify the reactive intermediate. On the
addition of one equivalent (eq.) of NaOCl and one eq. of
AcOH, the light orange solution of the ML1 complex (1 mM)
became darker, and a broadband was observed at 395 nm
(Fig. S30 and S3171). Extensive HR-MS studies (considering the

This journal is © The Royal Society of Chemistry 2025
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dianionic form of ligand L1, basic condition) identified the
intermediate species such as [Ni(m)-L1-OH] (formula:
CeH;5N;,ONi, m/z: 301.0760, molecular ion peak), [Ni(ur)-L1-
Cl] (formula: CeH;4N;oCINi, m/z: 319.0435, molecular ion
peak) and [Ni(um)-L1-OCl] (formula: CeH,4N;,CIONi, m/z:
335.0350, molecular ion peak) for ML1 ([ML1] = 5 mM) in the
presence of 2 eq. NaOCl and 2 eq. AcOH (Fig. S327). However,
when considering the monoanionic form of the ligand L1, the
m/z: 301.0760 peak in the HR-MS spectrum could be attributed
to [Ni(m)-L1-O']" (formula: C¢H;5N;,ONi™"). The EPR spectra of
complex ML1 in the presence of NaOCI (5 eq.) and AcOH (2
eq.) indicated the presence of a single S = 1/2 Ni(u) species
having g values of g, = 2.271, g, = 2.23, and g, = 2.010 (Fig. 2b
and Fig. $337).°? Furthermore, the kinetic isotopic effect (KIE)
experiment for the chlorination reaction by conducting inter-
molecular competition experiments with cyclohexane and
deuterated cyclohexane (d;,) at RT (Scheme S1f) was per-
formed for the ML1 complex. The KIE (ky/kp) value of 12.2
suggests that C-H abstraction is the rate-determining step
(RDS) (Fig. S347). The Groves group reported a large kinetic
isotopic effect (KIE = 8.7 + 0.7) for Mn(TPP)Cl, indicating C-H
abstraction as the rate-limiting step.®® However, in the absence
of ML1, the KIE value was found to be only 0.95.

Plausible mechanism

Based on our experimental findings and previous literature,
the plausible reaction mechanism is illustrated in Fig. 3. The
reaction begins with the oxidation of the metal complex (ML1)
in the presence of an alkaline NaOCl solution, leading to the
formation of a [Ni(u1)-O] intermediate. In the next step, [Ni(iu)-
L-O°] abstracts a hydrogen atom (H") from the substrate,
forming an alkyl radical and the hydroxo Ni(u) complex, [Ni
(x)-L-OH]. To prove this, a reaction was performed in the pres-
ence of the radical scavenger TEMPO (2-5 eq.); the TEMPO-
alkyl radical adduct was detected by HR-MS, and a significant
change in the TON was observed (Fig. S35 and S367). The
hydroxide ion on the Ni(m) complex can be substituted by
OCI™ or CI” in the presence of acetic acid, leading to the for-
mation of [Ni(ur)-L(OCI)] or [Ni(m)-L(CI)].°*/ The abstraction of
the chlorine radical from the [Ni(ur)-L-OCl] complex by the
alkyl radical would generate the chlorinated product.
Alternatively, via Cl rebound from [Ni(m)-L(Cl)], the desired
product could also be generated. Additionally, the OH rebound
pathway from [Ni(ur)-L-OH] could lead to the formation of alkyl
hydroxide.®*? To support this proposed mechanism, we per-
formed density functional theory (DFT) calculations. The reac-
tivity trend and the selectivity between the halogenated vs.
hydroxylated products were determined following the reaction-
free energy calculations and transition state (TS) analysis.

DFT studies. Geometry optimizations were done to figure
out the stable spin states of the metal complexes. The most
stable spin states of the metal complexes were considered for
obtaining the stable structures of the reaction intermediates
and reaction-free energy values. The optimized geometries of
metal complexes (ML) are shown in Fig. 4. The comparison of
the metal-N bond distances of MLx shows a close resemblance

Dalton Trans., 2025, 54, 503-510 | 507
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Fig. 2 (a) Hammet plot of chlorination for substituted ethylbenzene with catalyst ML1; (b) UV-Vis spectral change observed after the addition of 1
eg. NaOCl and 1 eq. AcOH in ML1 solution ([ML1] = 10 mM); (c) EPR spectra of ML1 ([ML1] = 5 mM) on addition of 2 eq. AcOH and 5 eq. NaOCL. EPR
simulation was carried using SimFonia software.
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Fig. 3 Proposed mechanism of C—H chlorination.
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ML2

Fig. 4 Optimized DFT structures of the metal complexes (Ni metal in the +2 oxidation state and ground state spin-singlet) are considered in this

study (atoms in blue — nitrogen, green — nickel, white — hydrogen).

to the experimental bond distances obtained from the X-ray
crystal structure of the complexes (Table S37).

The reaction-free energies for all the steps were found to be
exothermic in nature. Fig. 5a shows the reaction free energy
diagram (FED) of the ML1 complex, while the FED for ML2 is
provided in Fig. S37.}1 In accordance with the experiment and
DFT studies, we identified the proton radical abstraction from
the alkyl moiety as the RDS (Fig. 4). We calculated the TS
barrier for this step for both the metal complexes, as shown in
Fig. 5b. ML1 had the lowest TS barrier of 11.64 kcal mol™,
whereas ML2 showed a significantly higher TS barrier of
17.60 kcal mol™'. The TS barriers followed the trend: ML1 <
ML2, which correlates with the observed catalytic activity as
ML1 > ML2. We performed a Natural Bonding Orbital (NBO)
analysis to quantify the spin density of the nickel oxyl [Ni(u)-
L-O"] intermediate. The observed spin density values of around
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~1.55 for both ML1 and ML2 confirm their radical nature
(Table S47).

To understand the selectivity between the Cl vs. OH
rebound pathway, we performed potential energy scans for the
abstraction of both Cl and OH radicals from the ML1-OCl/Cl
and ML1-OH complexes, respectively. The reaction-free energy
values were comparable for both pathways, and no TS barrier
was observed in either case. However, in the presence of acetic
acid, the hydroxylated ML1 complex (ML1-OH) underwent pro-
tonation, forming a water-bound intermediate (step 5 in
Fig. 3). The transition state barrier for this protonation step
was minimal (1.78 kcal mol™"). Following protonation of the
hydroxylated complex [Ni(u)}-L(OH,)], the substitution of
adsorbed water by OCI™ or Cl™ ions was highly favourable,
with free energies of —31.50 and —37.05 kcal mol™", respect-
ively. This step favoured the Cl rebound pathway over the OH

22.28

\\\o‘

17.60 -

keal/mol

11.64 -

Hydrogen Abstraction by Ni-O.

Fig. 5 (a) Free energy diagram for the chlorination and hydroxylation reaction pathways for the ML1 complex. The transition state geometries are
shown. The free energies (in kcal mol™) were calculated at the MO6L/B3LYP functional and 6-311G+(d,p) and in the presence of implicit water as the
solvent. (b) Kinetic energy barriers for the HAA by [Ni(i)-L-O’]. The transition energy barriers for the ML complexes show the following trend: ML1 <

ML2.
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rebound pathway. Our calculations align with previous studies,
where protonation of the hydroxylated Ni(u) complex in the
presence of solvated acetic acid was found to disfavour the OH
rebound pathway compared to the Cl rebound mechanism.®**

Conclusion

In summary, we successfully synthesized and investigated two
nonheme Ni(u) complexes using guanidine-based ligands.
These complexes demonstrated high efficiency in halogenating
strong C-H bonds, with bond dissociation energy (BDE) levels
ranging from 99.3 kcal mol™ (cyclohexane; TON ~680) to
87 kcal mol™" (ethylbenzene; TON ~370). The combination of
equimolar NaBr and NaOCl produced majorly brominated
products.
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