
Journal of Inorganic Biochemistry 259 (2024) 112643

Available online 17 June 2024
0162-0134/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Proton-triggered chemoselective halogenation of aliphatic C–H bonds with 
nonheme FeIV-oxo complexes 
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A B S T R A C T   

Halogenation of aliphatic C–H bonds is a chemical transformation performed in nature by mononuclear nonheme 
iron dependent halogenases. The mechanism involves the formation of an iron(IV)-oxo-chloride species that 
abstracts the hydrogen atom from the reactive C–H bond to form a carbon-centered radical that selectively reacts 
with the bound chloride ligand, a process commonly referred to as halide rebound. The factors that determine the 
halide rebound, as opposed to the reaction with the incipient hydroxide ligand, are not clearly understood and 
examples of well-defined iron(IV)-oxo-halide compounds competent in C–H halogenation are scarce. In this work 
we have studied the reactivity of three well-defined iron(IV)-oxo complexes containing variants of the tetra-
dentate 1-(2-pyridylmethyl)-1,4,7-triazacyclononane ligand (Pytacn). Interestingly, these compounds exhibit a 
change in their chemoselectivity towards the functionalization of C–H bonds under certain conditions: their 
reaction towards C–H bonds in the presence of a halide anionleads to exclusive oxygenation, while the addition 
of a superacid results in halogenation. Almost quantitative halogenation of ethylbenzene is observed when using 
the two systems with more sterically congested ligands and even the chlorination of strong C–H bonds such as 
those of cyclohexane is performed when a methyl group is present in the sixth position of the pyridine ring of the 
ligand. Mechanistic studies suggest that both reactions, oxygenation and halogenation, proceed through a 
common rate determining hydrogen atom transfer step and the presence of the acid dictates the fate of the 
resulting alkyl radical towards preferential halogenation over oxygenation.   

1. Introduction 

Halogenation of aliphatic C–H bonds is a relevant reaction in 
chemical synthesis and in biology because it introduces functionality 
into poorly reactive hydrocarbon skeletons. In nature, the reaction is 
performed by nonheme iron α-ketoglutarate (α-KG) dependent enzymes. 
Representative examples are CytC3 and SyrB2 [1,2]. The active site of 
these enzymes contains a mononuclear nonheme iron center and the 
crystal structure of SyrB2 has shown that it is bound to two histidines 
and a chloride atom [3]. 

The mechanism of reaction of these enzymes (Scheme 1) entails 
initial chelation of the α-KG cosubstrate through the α‑carbonyl oxygen 
atom and a second oxygen atom of the anionic carboxylate group, 
triggering O2 binding. O2 activation follows the common mechanistic 

path of α-KG-dependent enzymes; in the case of SyrB2 and CytC3, a 
transient high spin FeIV(O) species, generated after α-KG decarboxyl-
ation, has been detected and spectroscopically characterized, proposed 
to have a halide ligand in cis with respect to the terminal oxo unit [4,5]. 
These species have been kinetically proven to be the C–H cleaving 
agents. Halogenation of the aliphatic C–H bond is proposed to proceed 
via an initial hydrogen atom abstraction from the substrate by the ter-
minal oxo ligand, affording an iron(III)-hydroxo-chloride intermediate 
and a carbon radical. The consequent rebound of the halide, instead of 
the incipient hydroxide ligand, to the carbon-centered radical affords 
the chlorinated product. The factors that determine halide instead of 
hydroxide ligand transfer in the natural systems have been a matter of 
discussion, and both experimental [6–8] and theoretical studies [9–15] 
have been pursued to understand the origin of this exquisite selectivity. 
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Elegant studies by Krebs and Bollinger introducing mutations at the 
enzyme active site translated into perturbation of the halogenation 
versus hydroxylation chemoselectivity [16], strongly suggesting that 
halide transfer is favored by the specific positioning of the substrate 
carbon-centered radical that forms after hydrogen atom transfer (HAT) 
with respect to the reactive FeIII–Cl bond. 

In general terms, bioinspired or biomimetic studies rely on the 
preparation of small molecule model compounds that reproduce the 
structure or the reactivity observed in natural systems. They constitute 
an interesting strategy to get a better understanding of how natural 
systems work and to discover synthetically useful catalysts modelling 
the activity of enzymes [17,18]. Given the synthetic interest of C–H 
halogenation reactions, bioinspired complexes have been used as a tool 
to understand the origin of the unusual chemoselectivity exhibited by 
nonheme iron halogenases with the aim of designing catalysts per-
forming the same transformation in an efficient manner. Recently, 
Goldberg and colleagues demonstrated that the selectivity of these small 
molecule models depends on the nature of the substrate radical. They 
prepared well-defined synthetic cis-FeIII(OH)(X) species (X = Cl, Br) to 
model the critical rebound step in the natural systems. Reaction of these 
compounds with carbon-centered radicals showed the exclusive halide 
transfer to secondary carbon radicals as opposed to hydroxide transfer 
with tertiary carbon radicals, suggesting that bond strengths and reac-
tion thermodynamics play a critical role in controlling the radical 
transfer selectivity [19,20]. 

The acquired knowledge regarding the origin of the selectivity of the 
halide rebound in halogenases may serve to design catalytic methodol-
ogies of utility in chemical synthesis. In this line, the stoichiometric 
halogenation of hydrocarbons by combining different oxidants and iron 
halide complexes has been documented in different cases [21–25], but 
direct detection of the C–H cleaving species could not be gained. Cata-
lytic halogenation reactions have also been achieved with structurally 
related complexes using tetrabutyl ammonium salts as halide sources 
(either NBu4Cl or NBu4Br) albeit affording very modest turnover 
numbers [26,27]. In most of these examples, high-valent iron-oxo 
compounds have been postulated as the active species involved in the 
C–H halogenation on the basis of product analysis and computations, 
but direct evidence for such species could not be gained. 

Well-defined iron(IV)-oxo-chloride complexes have been prepared 
and spectroscopically characterized in a small number of cases [28–31]. 
These compounds constitute structural models of the active species 

observed in mononuclear nonheme iron halogenases but reactivity 
studies have been described for only two of the reported examples. On 
the one hand, the ability of [FeIV(O)(X)(Me,HPytacn)]+ (X = Cl and Br; 
Fig. 1) to break C–H bonds was proven, so that the initial HAT step could 
be modelled, but the resulting alkyl radical did not react with the FeIII–Cl 
bond and no chlorination products were formed [30,32]. On the other 
hand, high spin (S = 2) [FeIV(O)(X)(TQA)]+ complex (X = Cl and Br; 
Fig. 1) [31] reacted with cyclohexane and toluene under an argon at-
mosphere at − 80 ◦C via a HAT reaction and it transferred the halide 
atom, producing the corresponding haloalkanes in 25–41% yields. The 
latter constitutes so far the only example of halogenation of aliphatic 
C–H bonds with a well-defined high valent iron-oxo-halide complex, 
thus modelling both the structure and reactivity of iron halogenases. 
Finally, C–H halogenation has also been accomplished with the well- 
defined iron(IV)-oxo compound [FeIV(O)(2PyN2Q)]2+ (Fig. 1) in com-
bination with a radical scavenger such as CBrCl3 or with [FeII(2PyN2Q) 
X]X (X = Cl, Br) [33]. In this particular case, the iron(IV)-oxo compound 
carries out HAT with cycloalkanes and alkylarenes, generating carbon- 
centered radicals that can be trapped by the radical scavenger or the 
iron(II)-halide complex producing the corresponding alkyl halides. 

In this work we uncover the ability of well-defined iron(IV)-oxo 
complexes to change their chemoselectivity towards C–H bonds under 
certain conditions. Thus, we show that while the reaction of the iron 
(IV)-oxo species towards C–H bonds in the presence of an halide 
source affords only oxygenation products, the addition of a superacid to 
the reaction mixture results mainly in their halogenation. Mechanistic 
studies suggest that under both conditions the reaction occurs via a 
common HAT and the presence of the acid dictates the fate of the 
resulting alkyl radical towards preferential halogenation over 
oxygenation. 

2. Results and discussion 

2.1. Spin state of the starting iron(II) complexes 

In this work we have selected a series of iron(II) complexes con-
taining variants of the tetradentate N-based 1-(2-pyridylmethyl)-1,4,7- 
triazacyclononane (Pytacn) platform, which have been previously re-
ported [34–36]. These are known to be suitable precursors for the 
preparation of the corresponding iron(IV)-oxo complexes [36,37]. We 
have chosen the substitution of the aliphatic nitrogens of the tri-
azacyclononane by either a methyl (Me) or a neopentyl (Np) substituent, 
while a methyl group in the sixth position of the pyridine ring has been 
introduced in one case. The prepared ligands are Np,HPytacn, Me,MePy-
tacn and Me,HPytacn and the corresponding iron(II) complexes have been 
prepared by equimolar reaction of the corresponding ligands with 
[FeII(CF3SO3)2(CH3CN)2] following the reported procedures (Fig. 2). 

The iron centers in the synthesized complexes, [FeII(CF3SO3)2(Np, 

HPytacn)] (1II), [FeII(CF3SO3)2(Me,MePytacn)] (2II) and [FeII(CF3-

SO3)2(Me,HPytacn)] (3II), exhibit very similar geometric parameters ac-
cording to their reported X-Ray structures [35,36,38]. The metal is 
hexacoordinate and the R,R’Pytacn ligand wraps around the metal center 
leaving two free positions in a relative cis configuration that are occu-
pied by the triflate counteranions in 1II and 3II. The same geometry is 
observed for 2II, but in this case it crystallizes with coordinated aqua 
ligands instead of triflate anions which act as non-bonding counter-
anions [39]. The Fe–N bond distances are around 2.2 Å, which are 
indicative of high spin ferrous centers. However, in acetonitrile solution, 
where triflate ions are replaced by acetonitrile ligands, differences 
among the three complexes arise. The 1H NMR spectrum of 3II is typical 
of a low spin complex at 298 K, as evidenced by its compact NMR 
window (Fig. S1c) [35]. Instead, the 1H NMR spectra of 1II and 2II at 298 
K show spectral windows expanding from 140 to − 40 ppm characteristic 
of paramagnetic molecules indicative of high spin FeII centers (Fig. S1a 
and S1b) [36,40]. Interestingly, the Mössbauer spectrum of 1II in 
acetonitrile at 80 K has been previously reported and it shows the 

Scheme 1. General halogenation mechanism of nonheme iron dependent 
halogenases 
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Fig. 1. Previously reported well-defined iron(IV)-oxo species as structural or functional models of nonheme iron halogenases.  

Fig. 2. Iron(II) complexes used in this work.  

Fig. 3. a) UV–Vis spectrum of 2IV(O) recorded upon oxidation of 2II with 1 equiv. of Bu4NIO4 in the presence of 0.75 equiv. Tf2NH in CH3CN at − 40 ◦C. b) 
Mössbauer spectrum of 57Fe-enriched 2II recorded in acetonitrile at 80 K in the absence of magnetic field (vertical bars: experimental spectrum; solid line: calculated 
spectrum). Blue lines represent the individual doublet components. Dark blue line: S = 0 FeII component (6%, δ = 0.50 mm⋅s− 1 and ΔEQ = 0.47 mm⋅s− 1). Pale blue 
line: S = 2 FeII component (94%, δ = 1.12 mm⋅s− 1 and ΔEQ = 2.69 mm⋅s− 1). c) Mössbauer spectrum of 572IV(O) recorded in acetonitrile at 80 K in the absence of 
magnetic field (vertical bars: experimental spectrum; solid line: calculated spectrum using the following values of isomer shift and quadrupole splitting δ = 0.09 
mm⋅s− 1 and ΔEQ = 0.39 mm⋅s− 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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presence of a high spin and a low spin component in an approximate 1:1 
ratio [36]. The Mössbauer spectrum of 2II is reported for the first time 
here and, in contrast, it is composed by a high spin component ac-
counting for 94% of the sample, while the low spin species represents 
the residual 6% of the iron content (Fig. 3b). From all these spectro-
scopic data, one can conclude that the Np,HPytacn ligand exerts a weaker 
crystal field than Me,HPytacn, despite the alkylated N atoms are better σ 
donors in the former. According to the Mössbauer analysis, the situation 
is even more pronounced for Me,MePytacn, for which the high spin 
configuration is clearly more accessible. The steric demands of the 
neopentyl substituents in 1II prevent the tacn cycle from adopting the 
more compact conformation required for shortening Fe–Ntacn bonds. In 
the case of 2II, the methyl group in the α position of the pyridine ring 
sterically interacts with the iron center, which disfavors the formation of 
the shorter Fe–N bonds characteristic of the low spin configuration. The 
impact of steric interactions in the spin state of iron(II) centers has been 
previously reported for Pytacn and related systems [40]. 

2.2. Synthesis and characterization of iron(IV)-oxo complexes 

While the iron(IV)-oxo species derived from 1II and 3II, [FeIV(O)(Np, 

HPytacn)(S)]2+ and (1IV(O)) [FeIV(O)(Me,HPytacn)(S)]2+ (3IV(O)), have 
been previously described [36,37], this is not the case for 2II. Generation 
of its corresponding iron(IV)-oxo complex was achieved by reaction 2II 

with 1 equiv. of tetrabutyl ammonium periodate (Bu4NIO4) and 0.75 
equiv. of a superacid (either bis(trifluoromethane)sulfonamide, Tf2NH 
or triflic acid, TfOH) in acetonitrile at − 40 ◦C, a methodology that is also 
appropriate to efficiently generate 1IV(O) and 3IV(O) (Scheme 2). Under 
these conditions, the iron(IV)-oxo complex [FeIV(O)(Me,MePytacn)(S)]2+

(2IV(O)) was immediately generated as ascertained by UV–Vis spec-
troscopy. The nature of the sixth ligand S in these iron(IV)-oxo com-
pounds cannot be unambiguously established but it is likely to be an 
acetonitrile ligand based on literature precedents for reported iron(IV)- 
oxo complexes with tetradentate ligands [36,37]. 

Complex 2IV(O) shows an absorption spectrum with overlapping 
bands with λmax = 797 nm (ε = 160 M− 1 cm− 1), 935 nm (ε = 130 M− 1 

cm− 1) and 994 nm (ε = 120 M− 1 cm− 1) (Fig. 3a), which is suggestive of 
an iron(IV)-oxo compound [41]. CSI-MS analysis of an acetonitrile so-
lution of 2IV(O) at − 40 ◦C further confirmed the formation of the iron 
(IV)-oxo compound as it exhibited the presence of a major peak at m/ 
z = 483.0930 with a mass value and isotopic pattern fully consistent 
with [[FeIV(O)(Me,MePytacn)](CF3SO3)]+ (Fig. S6). Interestingly, 
Mössbauer spectroscopy showed only one species (>99% purity) with an 
isomer shift δ = 0.09 mm⋅s− 1 and a quadrupole splitting ΔEQ = 0.39 
mm⋅s− 1 (Fig. 3c). Experiments performed at different applied magnetic 
fields are in agreement with a S = 1 spin state of the iron(IV) center 
(Fig. S8). Similar Mössbauer parameters were previously observed for 
compounds 1IV(O) (δ = 0.06 mm⋅s− 1, ΔEQ = 1.00 mm⋅s− 1) and 3IV(O) 
(δ = 0.05 mm⋅s− 1, ΔEQ = 0.73 mm⋅s− 1) [36,37], which were also 
described as S = 1 species according to spectra recorded in applied 

magnetic fields. Thus, the three iron(IV)-oxo complexes studied in the 
present work have a S = 1 electronic structure in their ground state. 

2.3. Chlorination reactions 

Initial tests for the reactivity studies were carried out with compound 
1IV(O). In the presence of 10 equiv. NBu4Cl, the reaction of 1IV(O) with 
ethylbenzene (550 equiv) under N2 was monitored by UV–Vis spec-
troscopy and organic products were analyzed when its characteristic 
absorption band at 760 nm had completely disappeared. GC analysis at 
the end of the reaction showed that only oxygenated products were 
formed under these conditions: 0.19 equiv. of acetophenone and 0.14 
equiv. of 1-phenethyl alcohol with respect to 1IV(O) (entry 1, Fig. 4). 
Considering that the decay of 1IV(O) produces exclusively FeIII species as 
ascertained by MS analysis (Fig. S16), we conclude that each molecule of 
1IV(O) formally behaves as a single electron oxidant. Therefore, detec-
ted organic oxidation products in this experiment account for ~99% of 
the oxidizing equivalents. 

Most remarkably, introduction of protons by using the superacid 
Tf2NH within the reaction mixture provoked a drastic change in product 
selectivity, favoring the generation of organic halogenated instead of 
oxygenated products. Reaction of 1IV(O) with ethylbenzene (550 equiv) 
in a solution containing NBu4Cl (10 equiv), Tf2NH (32 equiv), and acetic 
acid (200 equiv) under N2 was also monitored by UV–Vis spectroscopy 
(Fig. S11). The reaction mixture was again analyzed when the 760 nm 
absorption band characteristic of 1IV(O) had completely disappeared. 
GC and GC–MS analyses of the organic products in the final reaction 
mixtures indicated the generation of (1-chloroethyl)benzene as main 
product (0.41 equiv. with respect to 1IV(O)), together with a smaller 
amount of acetophenone (0.08 equiv), 1-phenylethanol (0.06 equiv) and 
ortho/para-chloroethylbenzene (0.03 equiv) (entry 2, Fig. 4). Exclusive 
chlorination and improved yields for the production of (1-chloroethyl) 
benzene (0.45 equiv. with respect to 1IV(O)), were observed when 
deuterated acetonitrile was employed (entry 3, Fig. 4). This accounts for 
a 90% yield of ethylbenzene chlorination in this reaction. 

Blank experiments in the absence of superacid or iron showed no 
formation of chlorination products (entries 4 and 9, Fig. 4). Moreover, a 
control experiment combining phenylethanol, the superacid and the 
chloride under the standard reaction conditions (with and without 
1IV(O)) afforded no chlorinated product. Thus, it can be discarded that 
the chlorination product is formed from 1-phenylethanol. 

Ethylbenzene chlorination was also observed when the reaction was 
conducted in the absence of acetic acid, albeit in lower yields and 
reduced selectivity (entry 5, Fig. 4). Acetophenone and 1-phenylethanol 
were obtained as major products (0.10 equiv. of acetophenone and 0.13 
equiv. of 1-phenylethanol) together with small quantities of (1-chlor-
oethyl)benzene (0.03 equiv). The distribution of products was drasti-
cally affected when reactions were performed under O2 or air 
atmosphere instead of N2 (entry 6 and 7, Fig. 4). When the reaction was 
run in the presence of O2, the amount of acetophenone increased up to 
~0.25 equiv. with residual amounts of alcohol or chlorinated products, 
suggesting that O2 is incorporated into products via trapping of long- 
lived benzyl radicals. 

Bromination of ethylbenzene was achieved in an efficient manner 
under the same reaction conditions, employing NBu4Br (1.5 equiv) 
instead of NBu4Cl (entry 8, Fig. 4) obtaining (1-bromoethyl)benzene as 
the major product (0.35 equiv. with respect to 1IV(O)) together with 
acetophenone (0.12 equiv) and traces of 1-phenylethanol. Higher bro-
mide loadings caused rapid decay of 1IV(O) and reduced product yields, 
probably due to oxidation of Br− to produce bromine radicals. 

In conclusion, addition of protons diverts the chemoselectivity of 
1IV(O) in C–H functionalization, which changes from exclusive 
oxygenation towards performing selective and nearly quantitative 
chlorination and bromination of aliphatic C–H bonds. 

Other substrates different from ethylbenzene also underwent func-
tionalization. When cumene was used as substrate, α-dimethyl benzyl 

Scheme 2. Synthesis of the iron(IV)-oxo complexes used in this work from 
their corresponding iron(II) precursors. Compounds 1IV(O) and 3IV(O) have 
been previously reported [36,37] while synthesis and characterization of 
2IV(O) is described here for the first time. 
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chloride (0.32 equiv. with respect to 1IV(O)) was obtained together with 
large amounts of α-dimethyl benzyl alcohol (0.54 equiv) (entry 5, 
Fig. 5), thus affording somehow low chlorination selectivity. Remark-
ably, stronger C–H bonds such as the benzylic protons of toluene (BDE =
89.7 kcal⋅mol− 1) were also functionalized. Benzyl chloride was obtained 
as the main product (0.15 equiv. with respect to 1IV(O)) together with 
smaller amounts of the oxygenated products (0.09 equiv) (entry 6, 
Fig. 5). When the halogenation reaction was carried out using substrates 
containing even stronger C–H bonds such as 2,3-dimethylbutane, 
cyclooctane and cyclohexane only very poor yields and selectivities 
were obtained. For 2,3-dimethylbutane, 2-chloro-2,3-dimethylbutane 
and 2,3-dimethyl-2-butanol were obtained in similar amounts ac-
counting for 0.02 equiv. each (entry 7, Fig. 5). When the reaction was 
carried out using cyclohexane or cyclooctane as substrates, chlorinated 
products and ketones were obtained as 1:1 mixtures, representing 

between 0.01 and 0.02 equiv. of products with respect to 1IV(O) (entries 
9 and 11, Fig. 5). 

The other structurally-related iron(IV)-oxo complexes proposed in 
this work were also tested as chemoselective chlorinating agents under 
the above mentioned conditions. Interestingly, compound 2IV(O) and 
3IV(O) could efficiently chlorinate ethylbenzene, affording 0.38 equiv. 
and 0.14 equiv. of (1-chloroethyl)benzene, respectively (entries 2 and 3, 
Fig. 5). While a good selectivity for the chlorinated product was 
observed for 2IV(O), 3IV(O) afforded significant amounts of acetophe-
none. Noteworthy and analogously to 1IV(O), no traces of chlorinated 
product were observed in blank experiments in the absence of acid. 
Given the promising results with 2IV(O), the oxidation of substrates with 
stronger C–H bonds was also attempted with this compound. Reaction of 
2IV(O) with 2,3-dimethylbutane produced 0.15 equiv. 2-chloro-2,3- 
dimethylbutane along with 0.04 equiv. of the corresponding alcohol 

Fig. 4. Amounts of products obtained in the reaction of 1IV(O) (1 mM) with ethylbenzene (0.5 M) in CH3CN at − 40 ◦C. Variation from the standard reaction 
conditions (10 equiv. NBu4Cl, 32 equiv. Tf2NH and 200 equiv. AcOH at − 40 ◦C under a N2 atmosphere) are indicated below each entry. aEquivalents of product are 
calculated versus the initial amount of FeII employed to generate 1IV(O) (2 μmols). b1.5 equiv. NBu4Br were used instead of 10 equiv. NBu4Cl. 

Fig. 5. Amounts of products obtained for the reactions of 1IV(O), 2IV(O), 3IV(O) and 4IV(O) (1 mM) with a set of substrates in the presence of 10 equiv. NBu4Cl, 32 
equiv. Tf2NH and 200 equiv. AcOH in CH3CN at − 40 ◦C under a N2 atmosphere. a Calculated versus the initial amount of FeII employed to generate 1IV(O), 2IV(O), 
3IV(O) and 4IV(O) (2 μmols). b Reaction performed at +20 ◦C. c Reaction performed at − 20 ◦C. 

N. Pagès-Vilà et al.                                                                                                                                                                                                                             



Journal of Inorganic Biochemistry 259 (2024) 112643

6

(entry 8, Fig. 5), which accounts for a 38% overall yield and 79% 
selectivity for the chlorinated product. These numbers contrast with the 
much more modest results obtained with 1IV(O) exhibiting only 8% 
yield and no preference for the chlorination over the oxygenation. Re-
action of cyclooctane with 2IV(O) afforded 0.12 equiv. of chlor-
ocyclooctane (entry 12, Fig. 5), in contrast with the 0.01 equiv. obtained 
with 1IV(O) under the same conditions. Remarkably, the selectivity for 
the chlorination product with 2IV(O) was rather modest as significant 
amounts of oxidized products (0.05 equiv. cyclooctanone and 0.04 
equiv. cyclooctanol) were also detected. Finally, reaction with cyclo-
hexane showed a dramatic improvement both in yields and selectivity 
when using compound 2IV(O) instead of 1IV(O). For this particular 
substrate, reactions were extremely slow at − 40 ◦C so that they were 
carried out at − 20 ◦C, instead. Remarkably, exclusive formation of 0.14 
equiv. of chlorocyclohexane were detected using 2IV(O) accounting for 
28% yield. In contrast, only 0.02 equiv. of chlorocyclohexane (4% yield) 
were obtained with 1IV(O) along with similar amounts of 
cyclohexanone. 

We currently do not fully understand the reason why 2IV(O) is the 
best compound from the series in the chlorination of strong C–H bonds. 
However, according to the characterization of the corresponding iron(II) 
complexes (1II, 2II and 3II, see above) the substituents in the Pytacn 
ligand have a significant impact on the accessibility of the high spin 
state. Thus, the Me,MePytacn in 2II is a weaker field ligand than Np,HPy-
tacn in 1II, making the high spin state more favorable for the former as 
clearly evidenced from the Mössbauer analysis (see above). Considering 
that previous studies showed that the reactivity of iron(IV)-oxo species 
occurs through the S = 2 energy surface [42–44], one may hypothesize 
that the higher accessibility of the high spin state imposed by the Me, 

MePytacn in 2IV(O) makes this compound more reactive and thus, more 
efficient in the activation and chlorination of stronger C–H bonds. In 
sharp contrast, the Me,HPytacn ligand, which behaves as a stronger field 
ligand affording the low spin iron(II) precursor 3II, gives rise to 3IV(O) 
with remarkably poorer activities than 1IV(O) and 2IV(O). 

2.4. Insight into the reactive species 

Spectroscopic and mass spectrometry analysis of 1IV(O) under re-
action conditions strongly suggests that the halide does not bind to the 
metal center. In first place, addition of tetrabutyl ammonium chloride 
(NBu4Cl, 10 equiv) or HCl (10 equiv) to 1IV(O) did not cause changes in 
its UV–Vis spectrum. Thus, the characteristic band shifts previously 
described for the binding of chloride anions at iron(IV)-oxo species 
[28,30] in cis-position to the oxo-ligand were not observed, attesting 
that chloride does not bind to 1IV(O). In addition, CSI-MS analyses 
performed after HCl addition, denoted the presence of cluster peaks at 
m/z = 581.2038 with an isotopic pattern fully consistent a [[FeIV(O)(Np, 

HPytacn)](CF3SO3)]+ formulation (Fig. S19); the same signal was 
observed in the absence of a chloride anion source (NBu4Cl or HCl). 
Barely a minor signal, consistent with [FeIV(O)(L)(Cl)]+, is observed in 
the case of HCl (10 equiv) addition to 1IV(O). Thus, both UV–Vis and 
CSI-MS analyses suggest that the chloride anions do not occupy the sixth 
cis-labile coordinative position under the present conditions. 

In order to gain further support that chloride binding is not a 
requisite for chemoselective chlorination, the iron(IV)-oxo complex [Fe 
(O)(N4Py)]2+ (4IV(O)) based on the pentadentate ligand N4Py [45–47] 
was also tested for the oxidative chlorination of ethylbenzene under the 
same acidic reaction conditions. 4IV(O) did not react with ethylbenzene 
at − 40 ◦C. However, when performing the reaction at +20 ◦C, 0.43 
equiv. of (1-chloroethyl)benzene with respect to 4IV(O) were produced 
as main product (entry 4, Fig. 5). Overall, these experiments confirm 
that chloride binding is not necessary for the production of chlorinated 
products. 

2.5. Kinetic analysis of the reactions 

Insight into the reaction mechanism was derived from kinetic ana-
lyses. Monitoring of the reaction between 1IV(O) and different sub-
strates under standard chlorination conditions was done by following 
the decay of its low energy absorption band at 760 nm. Decays followed 
a first order exponential behavior (Fig. S11) and rate constants linearly 
increased by increasing substrate concentration (Fig. S12), indicating 
that these are bimolecular processes. From the slope of these linear 
correlations, second order rate constants (k2) could be extracted. Apart 
from ethylbenzene, alkanes with different C–H bond dissociation en-
ergies (BDE) were used, including dihydroanthracene (DHA), fluorene, 
triphenylmethane (Ph3CH) and cumene. k2 values for each substrate 
were adjusted to account for the number of equivalent C–H bonds 
contained in the substrate (k2’) and they were found to decrease with the 
increase in the strength of the C–H bond (BDE). Furthermore, log(k2’) 
correlated linearly with BDE values (Fig. 6). This linear correlation is 
consistent with a hydrogen atom transfer (HAT) being the rate- 
determining step for the consumption of 1IV(O) [18,30,32,33]. Addi-
tionally, a kinetic isotope effect (KIE) of 45 was observed when the re-
action was performed with deuterated DHA (DHA-d4) (Fig. S15). This 
large KIE value overpasses the semi-classical limit of 7, suggesting that 
the HAT mechanism is dominated by quantum mechanical tunneling 
[48–50], as was previously found for other iron(IV)-oxo systems 
[37,51,52]. Moreover, such large KIEs have also been observed in HAT 
reactions performed by the iron(IV)-oxo intermediate of TauD (KIE =
37) [53]. 

Analogous kinetic analyses were also performed when the same re-
actions were conducted in the absence of the halide source (NBu4Cl) and 
also in the absence of both the acids and halide source. The plots 
showing the dependence of log(k2’) versus substrate C–H BDE were 
almost superimposable with that obtained for the standard chlorination 
conditions (Fig. S14). Moreover, KIEs were also of the same magnitude 
under the three different reaction conditions (Fig. S15). Thus, a KIE 
value of 49 was determined in the absence of the halide source, while 
this number was 41 in the absence of both acids and halide source. 
Altogether, this data indicates that the HAT step is not sensitive to the 
presence of acid or halide providing compelling evidence that the HAT is 
performed by the same species, irrespective of the presence or absence of 
the halide source or the acid. 

Overall, we propose that the halogenation is initiated through a HAT 
accomplished by 1IV(O), generating FeIII species and a long-lived car-
bon-centered radical (Scheme 3). This initial step represents the rate- 
determining step (rds) of the process, as settled by the second order 
rate constants linearity versus the C–H BDE of different substrates and 
large kinetic isotope effects. Changes in the chemoselectivity of the re-
action upon acid addition must then originate after HAT. We hypothe-
size that under acidic conditions the iron(III)-hydroxo species formed 
after the HAT is protonated to form an iron(III)-aqua species (Scheme 3). 
This is followed by an exchange of the coordinated aquo ligand by a 
chloride forming an iron(III)-chloride species. The homolytic cleavage of 
the FeIII-Cl species provides a chlorine radical which reacts with the 
carbon-centered radical, producing the corresponding halogenated 
product. Alternatively, the C–Cl bond may result from bimolecular re-
action of the carbon-centered radical with the FeIII–Cl bond. The 
resulting iron(II) undergoes fast oxidation with a second molecule of 
unreacted iron(IV)-oxo, resulting in the finally detected ferric com-
plexes. The latter comproportionation reaction explains the roughly 
maximum 0.5 equiv. of halogenated products with respect to Fe 
observed. This mechanism is supported by the fact that the carbon- 
centered radical generated under acidic conditions must be long lived 
as it can be quenched by O2 and that halide binding to the iron(IV)-oxo is 
not a requisite for halogenation. 
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Conclusions 

In this work we have disclosed the ability of iron(IV)-oxo species 
1IV(O), 2IV(O) and 3IV(O) to halogenate hydrocarbons when the re-
actions are performed in the presence of a strong acid. The efficiency and 
selectivity for the halogenated products is particularly remarkable for 
1IV(O) and 2IV(O), whose ligand architectures are more sterically hin-
dered making the high spin state of the iron center more accessible. 
Almost quantitative yields for the chlorination of ethylbenzene are 
detected for both compounds with only residual amounts of oxygenated 
products. The reaction can be extended to other substrates bearing 
benzylic C–H bonds and even stronger aliphatic C–H bonds. Particularly 
remarkable is the chlorination of cyclohexane and cyclooctane with 
modest yields but relatively high selectivities by compound 2IV(O), 
which contrasts with the poor results obtained by 1IV(O). In order to 
explain these results, two considerations related to accessibility and 
reactivity of the different spin states should be taken into account: 
firstly, the characterization of the iron(II) precursors indicates that 
ligand Me,MePytacn is a weaker field ligand than Np,HPytacn and sec-
ondly, previous studies suggest that the reactivity of iron(IV)-oxo species 
is higher in the S = 2 energy surface rather than in S = 1. Thus, the 
markedly more efficient chlorination of strong alkyl C–H bonds by 
2IV(O) compared to 1IV(O), strongly supports the idea that the higher 

accessibility of the high-spin state in the former is beneficial for the 
halogenation of these bonds. 

According to our kinetic studies, a chlorination mechanism entailing 
a HAT by the iron(IV)-oxo species affording a free-diffusing carbon- 
centered radical and an iron(III)-hydroxo species is proposed. This step 
is not affected by the presence of acid so that the chemoselectivity is 
dictated afterwards. We propose that under acidic conditions the iron 
(III)-hydroxo species gets protonated to form an iron(III)-aqua com-
plex, and subsequently a chloride anion substitutes the aqua ligand. 
Reaction of the alkyl radical with the FeIII–Cl bond affords the observed 
chlorinated products. Thus, from our analyses we conclude that HAT is 
very likely executed by the same species and final chlorination or hy-
droxylation depends on the subsequent step. Our data shows no evi-
dence for binding of the chloride at the iron(IV)-oxo center, but instead 
we speculate that binding, and replacement of a water molecule occurs 
after hydrogen abstraction. Overall, the present report represents the 
first example of a halogenase functional model in which protonation 
seems to be required to achieve exquisite selectivity for C–H bond 
halogenation. 

CRediT authorship contribution statement 
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