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In this study, we report a selective aliphatic C—H bond chlorination
mediated by Fe-bTAML (bTAML: biuret-modified tetraamido macro-
cyclic ligand) using sodium hypochlorite as the chlorine source. The
reaction predominantly yields chlorinated products over hydroxylated
ones across various unactivated C—H bonds in acetonitrile—water
medium. The formation of rearranged chlorinated products in norcarane
and the absence of stereo-retention in cis-dimethylcyclohexane sug-
gests the involvement of a long-lived, cage-escaped carbon radical
intermediate. UV-Vis and EPR spectroscopic analyses confirm the
presence of [FeY(O)—(NO,)bTAML]™ (2) as the reactive intermediate.
The 3°:2° selectivity in hydrocarbons, kinetic isotope effect (KIE), and
detailed kinetic studies indicate hydrogen atom abstraction (HAA) by
[Fe¥(O)—(NO,)bTAML]~ (2) as the rate-determining step.

Halogenated organic compounds are essential to chemistry because
they provide significant building blocks for pharmacologically and
physiologically active molecules.' Nature has deployed many
enzymes that perform halogenation of bioactive molecules. For
instance, halogenation of organic compounds has been accom-
plished by the halogenase enzymes CytC3 and SyrB2.> The o-
ketoglutarate motif associated with these enzymes includes an
iron(u) co-factor facially coordinated with two histidine moieties,
which in the presence of O, forms a high-spin (S = 2) cis-iron-oxo-
halide intermediate that subsequently abstracts a hydrogen atom
from the C-H bond. The active site of this enzyme arranges itself in
such a way towards the newly formed alkyl radical that the radical
selectively rebounds with the halide instead of the hydroxyl group to
form a halogenated product. However, mimicking the natural
halogenase in vitro has been one of the biggest challenges. Although
a wide variety of peroxidase-mimicking iron and manganese oxo-
complexes are known to be excellent hydroxylating agents for
organic substrates,” only a handful of halogenase-mimicking
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synthetic complexes have been reported. In the quest to replicate
the halogenase active site, a few biomimetic model complexes such
as [FY(TPAYO)CIT", [F™(O)TQA)XIT, [Fe™(0)(X)(Pytacn)]’, and
[Tp™?Fe™(0)X)] (X = Cl and Br) have been prepared and their
reactivity has been studied over several decades to aid in under-
standing these halogenation processes.*® Paine and co-workers also
developed two non-heme iron(u)-o-keto acid model complexes with
[(phdpa)Fe(BF)CI] and [(1,4-tpbd)Fe,(BF),Cl,] frameworks, which, in
the presence of O,, activated C-H bonds of aliphatic substrates to
yield the corresponding halogenated products.'® In 2018, Maiti and
co-workers reported an aliphatic and benzylic C-H bond halogena-
tion protocol where an iron(iv)}oxo intermediate ([Fe"(2-
PyN2Q)(O)]") abstracts a hydrogen from the C-H bond and
another iron(m) halide complex provides a halide atom to the alkyl
radical."* Recently, Costas and co-workers demonstrated similar
halogenation reactivity using the [Fe™(0)(®*® Pytacn)(S)* (R = Np,
Me; R’ = H, Me) intermediate, employing NBu,Cl as the chloride
source in the presence of a strong acid.'> Herein, we show the use of
a single [Et,N],[Fe™(CI)~(NO,)bTAML] (1) complex, which performs
both hydrogen atom abstraction in its high-valent iron(v}-oxo state
and a chloride radical source using a transient iron(v)-hypochlorite
intermediate under the reaction conditions, similar to the strategy
developed by Groves and co-workers, which includes C-H halogena-
tion reaction by the manganese(vj-oxo complex."

Our group has earlier reported the bTAML framework, [Et,N],[-
Fe"(CI)-(NO,)bTAML] (1), known to catalyse the oxidation of 3° C-
H bonds with unprecedented selectivity using NaOCl or mCPBA as
the terminal oxidant.’*'® This peroxygenase-mimicking [Fe™(Cl)-
(NO,)bTAML]*~ complex is known to abstract a H-atom in its high-
valent [Fe"(O)~(NO,)bTAML] ™ (2) state, followed by a rebound to
give the hydroxylated product. While performing the selective
hydroxylation with NaOCI as a terminal oxidant, the system always
ends up in trace amounts of chlorinated product. Despite being
insignificant, the yield prompted us to investigate the halogenase
enzymatic route of a peroxygenase-mimicking enzyme. In this
work, we assessed the feasibility of tuning this 100% hydroxylating
catalytic system to function as a halogenase mimic. The strategy
adopted for generating the chlorinated products was to alter the
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catalyst:oxidant ratio. The addition of excess NaOCI to the catalyst
system led to significantly higher yields of the chlorinated product.
Thereafter, we investigated a broad range of substrates for chlor-
ination reactions and obtained superior selectivity and yield.
Intrigued by these excellent results, we also investigated the
mechanism of the halogenation reaction. It was observed that
the abstraction of a hydrogen from the C-H bond by the [Fe"(0)-
(NO,)bTAML]™ (2) intermediate was followed by the escape of the
alkyl radical from the solvent cage and rebound with the Fe™(OCI)
intermediate instead of Fe''(OH). In this work, we have reported
the first instance of this reactivity in a non-heme catalyst frame-
work where an unprecedented selectivity is achieved by a high-
valent oxo-metal intermediate (Scheme 1).

In the hydroxylation reaction of adamantane, NaOCI functions
as a stoichiometric terminal oxidant. The reaction mechanism
involves hydrogen atom abstraction by the in situ generated high-
valent [Fe"(0)-(NO,)bTAML]™ (2) intermediate.”® Herein, for the
chlorination reaction, excess NaOCl was added (10-15 eq. of the
substrate) (Fig. 1A). As we gradually increased the concentration of
NaOCl (from 2 to 12 eq. of adamantane), we noticed a decrease in
the yield of 1-adamantanol, along with a corresponding increase of
1-chloroadamantane (Fig. 1B).

After several optimization studies (Table S1, ESIT), the maximum
yield of the product(s) (e.g 1-chloroadamantane for adamantane
chlorination) was obtained in acetonitrile-water medium with 5
mol% of 1 (0.2 mM) and iterative addition of 60 mM of NaOCL All
reactions were performed under an N, atmosphere at room tem-
perature for 1-2 h with constant stirring. GC-MS analysis of the
reaction mixture showed 1-chloroadamantane as the major product
with 86% yield and 3°:2° = 52:1 regioselectivity (Fig. S9, ESIt).

This excellent yield and regioselectivity in the halogenation
reactivity profile of 1 in the presence of elevated NaOCI concen-
tration prompted us to investigate the reaction mechanism in
detail. Kinetic analysis was done at 298 K by monitoring the decay
of the peak at 547 nm corresponding to 2, which showed an
exponential decay with time in presence of substrate (Fig. S22,
ESIt). The rate of this exponential decay (kops) further increased
linearly with increase in concentration of cyclooctane (0.075-
0.150 M), which indicates that the rate of the reaction is first-
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Scheme 1 C(sp®)-H halogenation by natural enzymes and biomimetic
complexes.
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Fig. 1 (A) General scheme of the chlorination reaction. (B) Yield vs. eq. of

NaOCl plot for adamantane oxidation by 1. (C) Substrate scope for the
chlorination reaction (all reactions were performed under an N, atmosphere
at rt for 1-2 h; yield and selectivity were calculated in GC-MS with standard
substrate and product, OH = alcohol, O = ketone, Cl = chloro product).

order with respect to both the catalyst and substrate concentration
(Fig. S23, ESIt). From the linear fitting of the plot of ks with
cyclooctane concentration, we obtained a second-order rate con-
stant value (k,) of 2.6 x 107" M~" s~ (Fig. 2A).

Furthermore, we studied the kinetic isotopic effect (KIE) of
this chlorination reaction by conducting intermolecular competi-
tion experiments with adamantane and adamantane-D;¢ at 298 K
(ESL Section S3.6). The kinetic isotope effect (KIE) value was 4.2,
which suggests that H-atom abstraction is the rate-determining
step (Fig. 2B). The KIE value and remarkable regioselectivity in
adamantane chlorination reaction are in agreement with those
measured from C(sp*)-H oxidation reactions catalysed by metal-
based oxidants, including metal-oxo species. This data excludes a
radical-mediated pathway for the chlorination reaction of
adamantane.'® Costas and co-workers have reported that chlorine
radical-mediated halogenation reactions, using the metal complex
[(MHPyTACN)Ni"(CH;CN),J*" in combination with NaOCI as the
chlorine source, exhibit a kinetic isotope effect (KIE) of 2 and a
3°:2° selectivity ratio of 7: 1."” In contrast, our chlorination reaction
of adamantane using complex 2 yielded a significantly higher KIE
value of 4.2 and a 3°:2° selectivity of 52: 1. These values far exceed
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Fig. 2 (A) Plot of kops vs. cyclooctane concentration (0,075-0.150 M). (B)
Kinetic isotope effect of the chlorination reaction with adamantane and
adamantane-D;¢ (competitive reaction) at 298 K.
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those observed for typical chlorine radical-mediated reactions or
hydroxylation reactions by OH radicals.'® Notably, the KIE and
regioselectivity observed in our system closely match those reported
for the hydroxylation of adamantane by complex 2.'> Based on these
observations, we ruled out the involvement of free chlorine radicals
in our reaction. Additionally, no product formation was observed in
the absence of the catalyst or when FeCl; was used in place of
complex 1, further supporting the essential role of complex 1 in the
chlorination process. The involvement of a high-valent oxo-metal
intermediate in the hydrogen atom abstraction step was therefore
postulated akin to what has been shown by Maiti (Fe"O), Costas
(Fe™0), and Groves (Mn"0)." ™ The addition of NaOCI to 1 was
accompanied by a colour change from orange to violet. The inter-
mediate formed was analysed by UV-Vis spectroscopy, EPR spectro-
scopy, and mass spectrometry. The UV-Vis spectrum of the violet-
coloured species showed the absence of spectral features at 372 nm
(characteristic of the starting Fe(ur)-complex) and the concomitant
appearance of new spectral features at 547 nm (Fig. 3A), indicative of
the [Fe"(0)-(NO,)bTAML] ™~ (2) intermediate that has been reported
earlier."*'® Furthermore, ESI-MS of the violet species in the reaction
mixture revealed a prominent ion peak at the mass-to-charge ratio/
m/z (negative mode) 474.0569 (calculated 474.0586). The X-band
EPR spectrum at 80 K showed g values of 2.01, 1.98, and 1.79
(Fig. 3B), corresponding to an S = 1/2 species, confirming [Fe"(O)-
(NO,)bTAML]™ (2) to be the violet-coloured intermediate.

Based on these observations, we propose that the high-valent
[FeV(0)-(NO,)bTAML] ™ (2) complex formed upon the addition of
NaOCl abstracts a hydrogen atom from the C-H bond, generating a
carbon-centred radical and a [Fe™(OH)~(NO,)bTAML] ™ intermedi-
ate. However, the rebound “reaction” from the [Fe™(OH)-
(NO,)bTAML]™ intermediate to the carbon-centred radical leading
to the formation of alcohol does not take place in the presence of
excess quantities of NaOCl. We hypothesize that in the presence of a
high concentration of sodium hypochlorite, the excess OCl™/OH ™
present in the solution possibly coordinates in the sixth position of
the five-coordinate [Fe™(OH)-(NO,)bTAML] .

Due to this electron-donating ligand in the sixth position, the rate
of rebound of the -OH group in [Fe"(OH)-(NO,)bTAML] to the
carbon radical decreases,” giving enough time for this carbon-
centred radical to escape from the solvent cage. The proposed cage
escape mechanism was tested using the strained cycloalkane
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Fig. 3 (A) UV-Vis spectral change after the addition of 60 mM ag. NaOCl
to 1(0.2 mM) in CH3CN-H,O (5:1) at 298 K (half diluted). (B) EPR spectrum
measured at 85 K after 5 s of mixing of 60 mM aqueous NaOCl with 1
(0.2 mM) in CHzCN-H,0O (5:1) at 298 K.
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norcarane as a diagnostic radical clock in the chlorination reaction
by 1. Under the chlorination reaction conditions, norcarane afforded
a significant amount of rearranged product, 3-chloromethylcyclo-
hexene (4.0%), along with unrearranged product 2-chloronorcarane
(4.3%), which supports the cage-escape phenomenon of the organic
radical (Fig. 4A)."° Furthermore, a reaction between a pure stereo-
isomer of cis-1,2-dimethylcyclohexane and 1 in the chlorination
condition showed the formation of a mixture of cis/trans-1-chloro-
1,2-dimethylcyclohexane (60% yield) with a 1.1:1 ratio. This high
degree of epimerization in the products arises from a long-lived
radical, which could be generated due to the dissociation of the
radical from the solvent cage after HAA (Fig. 4B).""

Finally, to support the hypothesis of the formation of a six-
coordinated [Fe™(OH)(Y)~(NO,)bTAMLP~ (Y = OCl, OH ), we
performed the chlorination reaction of adamantane in the
presence of imidazole (1 eq.). A change in product selectivity was
observed, during which 1-adamantanol was obtained as the major
product instead of 1-chloroadamantane (Fig. 4C). This suggests the
role of the sixth-coordinated ligand in determining product selec-
tivity. Imidazole competitively coordinates to the sixth position of
[Fe™(OH)~(NO,)bTAML] ", replacing OClI /OH . This change in
coordination leads to an increase in the rebound rate between
the alkyl radical and iron(wv)hydroxide intermediate. Thus, the
OCI /OH™ ligation in the sixth position plays a role in decreasing
the OH™ rebound rate of the alkyl radical in the reaction medium
and supports our hypothesis of the formation of a six-coordinated
[Fe™(OH)(Y)-(NO,)bTAML]*~ (Y = OCl~, OH ). Subsequently, -OH
in the [Fe™(OH)(Y)~(NO,)bTAML]*~ was substituted by ~OCl, and
[Fe™(OCI)(Y)-(NO,)bTAML]*~ was formed. Attempts to trap this
intermediate were unsuccessful; however, the formation of the
[Fe™(OCI)(Y)-(NO,)bTAML]~ intermediate under the reaction con-
ditions was indirectly probed by using 1,3,5-trimethoxybenzene as
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Fig. 5 Plausible mechanism of the chlorination reaction by complex 1.

the chlorine radical trap (Fig. S24, ESIt). After the formation of
[Fe™(OCI)(Y)-(NO,)bTAML]*", the cage-escaped alkyl radical
rebounds with the Cl atom of the [Fe™(OCI)(Y)-(NO,)bTAML]*~
intermediate, leading to the formation of the chlorinated product.

We attempted the chlorination reaction with substrates with
moderate to high C-H bond energies (BDE > 90 kcal mol %),
such as 2,3-dimethylbutane, cyclopentane, cyclohexane, cyclo-
heptane, cyclooctane, and N-acetyl-3,5-dimethyl-1-adamantana-
mine (Fig. 1C). The formation of the chlorinated hydrocarbon
was the major product for all these substrates. However, for
substrates with weak C-H bonds (BDE < 84 kcal mol™ '), such
as xanthene, fluorene, and ambroxide, the hydroxylated pro-
ducts were obtained in 100% yield, and no chlorinated product
was obtained. This suggests that these substrates do not follow
the chlorination pathway described above. The alkyl radicals
generated from these weak C-H bonds have significantly lower
oxidation potentials compared to those derived from stronger
C-H bonds. As a result, the rebound rates of these radicals with
the hydroxyl group of the [Fe"™(OH)(Y)-(NO,)bTAML]*~
complex are very fast during the reaction.”® We believe that
due to this fast rebound, the [Fe™(OCI)(Y)-(NO,)bTAML]*~
species, which is responsible for the chlorination reaction, is
not formed. As a result, the reaction proceeds with the exclusive
formation of the hydroxylated product.

Mechanism: Based on spectroscopic studies (UV-Vis, EPR),
product analysis via mass spectrometry, trapping of reactive
intermediates and analysis of the reaction kinetics, we propose
the following catalytic cycle for the chlorination of alkanes by 1
and NaOCL. In the reaction, the in situ generated [Fe'(O)-
(NO,)bTAML]™ (2) intermediate abstracts a hydrogen atom
from the C-H bond, which is the rate-determining step of the
chlorination reaction. Then, in the presence of excess hypo-
chlorite, a six-coordinated [Fe"™(OH)(Y)-(NO,)bTAML]*™ (Y =
OCl™, OH") forms, and the rebound rate of the alkyl radical
decreases, allowing it to escape from the solvent cage. Subse-
quently, [Fe™(OCI)(Y)~(NO,)bTAML)*>~ forms and the cage-
escaped alkyl radical rebounds with the Cl-atom of this
[Fe™(OCI)(Y)~(NO,)bTAML]*"~ intermediate to yield alkyl chlor-
ide, regenerating the [Fe'(0)-(NO,)bTAML]™ (2) for the next
catalytic cycle (Fig. 5).

In summary, we explored the selective catalytic oxidative
chlorination over hydroxylation of unactivated C-H bonds for a
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series of substrates using iron complex 1 in the presence of
NaOCl. The overall reaction consists of four major steps: (i)
formation of the [Fe¥(0)~(NO,)bTAML] ™ (2), (ii) hydrogen atom
abstraction, (iii) exchange of the axial-OH group of [Fe™'(OH)-
(NO,)bTAML]™ by OCI™ and (iv) rebound of the cage-escaped
alkyl radical to the chlorine atom of the [Fe™(OCI)(Y)-
(NO,)bTAML]>™ intermediate. To the best of our knowledge,
complex 1 serves as an excellent halogenase-mimicking system.
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