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Heme-containing oxygenases have been known to catalyze the oxidation of unactivated C—H bonds. In most
cases, hydroxylated compounds (alcohols) are the predominant products of the oxygen rebound pathway.
Alternatively, non-hydroxylated products can be obtained under conditions when the oxygen rebound
pathway is inhibited. However, biomimetic oxidative functionalization reactions catalyzed by synthetic iron
porphyrin complexes have yet to be explored owing to the fast oxygen rebound step. In this study, metal
bromide LiBr was introduced into the iron porphyrin-catalyzed oxidation of hydrocarbons, such as cycloalk-
anes, linear alkanes and benzyl compounds. In all the cases, brominated products were the sole products,
indicating that the oxygen rebound pathway was completely inhibited in the presence of LiBr. Mechanistic
studies combined with theoretical calculations revealed that the active intermediate iron(iv)—oxo porphyrin
n-cation radical species interacted with lithium ions, which significantly inhibited the oxygen rebound
pathway. As a result, a carbocation intermediate was formed and was responsible for the formation of bromi-
nated products. This carbocation mechanism is reminiscent of the P450 OleTs and CYP19Al enzymatic
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systems, in which the oxygen rebound pathway is inhibited and desaturated products are obtained. These
results demonstrate that the redox-inactive metal ion acting as a Lewis acid was capable of tuning the reactiv-
ity of high-valent metal-oxo species from the oxygen rebound to the non-oxygen rebound pathway, provid-

rsc.li/frontiers-inorganic ing potential application to produce versatile organic compounds stemming from simple hydrocarbons.

carbon radical.>'**® Then, the ~-OH moiety will rebound to
the incipient carbon radical to generate an hydroxylated

1. Introduction

(cc)

Heme-containing enzymes, such as cytochrome P450
(CYP450), have been known to activate inert C-H bonds in the
presence of an oxidant."” It has been shown that the iron(iv)-
oxo porphyrin n-cation radical species (compound I, Cpd I) is
the active intermediate responsible for C-H bond activation to
form the oxygenated product.>™ In most cases, Cpd I
abstracts one hydrogen atom from the hydrocarbon substrate,
affording a corresponding Fe(iv)-OH porphyrin species and a
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product (R-OH) and a ferric porphyrin precursor (Scheme 1a).
This critical step is defined as the oxygen rebound mecha-
nism, which has been demonstrated as the general mecha-
nism for both heme and non-heme oxygenases and related
biomimetic systems.'®>” However, under certain conditions,
the oxygen rebound pathway may be inhibited, whereby the
carbon radical may undergo a non-oxygen rebound pathway to
give an alternative functionalized product other than the
hydroxylated product.>* For example, desaturation reactions
forming a C=C double bond were found in some native P450
enzymes,”® while a decarboxylation reaction and aromatization
reaction were found in cytochrome P450 OleT)s and steroid
aromatase =~ CYP19A1  catalyzed  oxidation reactions,
respectively.> > The expanded reactivities of heme proteins
provide potential application to produce versatile organic com-
pounds, such as fine chemicals and biofuels, through oxi-
dative functionalization of simple hydrocarbons.**¢

Inspired by this intriguing reactivity, many efforts have
been devoted to mimic the catalytic performances of heme
enzymes using synthetic metalloporphyrin complexes.®”° For
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Scheme 1 Metalloporphyrin-catalyzed oxidation of hydrocarbons.

instance, Groves and co-workers developed a series of reactions
involving the oxidative functionalization of hydrocarbons cata-
lyzed by manganese porphyrin complexes, such as chlori-
nation, fluorination, azidation and isocyanation reactions, in
the presence of an oxidant and X~ nucleophiles (X~ = Cl7, F~,
N;~ or NCO™).**™*? They found that the nucleophiles were able
to rebound to the incipient carbon radical instead of oxygen
when a strong electron donor was used as the axial ligand,
which significantly suppressed the oxygen rebound step in
manganese porphyrin systems (Scheme 1b).>” However, non-
oxygen rebound reactions could be hardly achieved under
similar conditions in iron porphyrin systems because the
oxygen rebound rate is much faster and the carbon radical life-
time is too short for other transformations.***® Common
methods such as those relying on the electronic properties of
the equatorial porphyrin ligand and axial ligand are insuffi-
cient to inhibit the oxygen rebound reaction in the iron case.?
Indeed, the radical lifetimes in iron porphyrin-catalyzed reac-
tions are in the order of tens to hundreds of picoseconds,
while reactions catalyzed by manganese porphyrins exhibited
radical lifetimes in the nanosecond regime.*>*” Therefore, the
use of an earth-abundant and environmentally benign iron-
based porphyrin catalyst in the catalytic oxidative functionali-
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zation (non-hydroxylation) of hydrocarbons still remains
undeveloped.*®

Although the intrinsic factors controlling the oxygen
rebound pathway versus the non-oxygen rebound pathway are
still elusive, some mechanistic studies have shown that the
relative redox potential between the Fe(iv)-O porphyrin inter-
mediate and carbon radical species is crucial for the
selectivity.'>*° Groves et al. found that halogenation selectivity
was influenced by the electronic properties of the porphyrin
ligand in manganese porphyrin-catalyzed reactions.>
Goldberg et al. demonstrated that the rate constant of the
oxygen rebound step exhibited a linear correlation with the
redox potential of carbon radicals.’®**°'>* Moreover, very
recently Houk et al. revealed that lower hinderance around the
Fe(iv)-OH porphyrin species could facilitate the oxygen
rebound step.’* Conversely, a large steric effect may inhibit the
oxygen rebound step. Taken together, if one factor is able to
simultaneously tune the redox potential and increase the hin-
derance of iron-oxo species, the oxygen rebound step may be
significantly  inhibited. = Consequently, the oxidative
functionalization of hydrocarbons catalyzed by an iron por-
phyrin complex through a non-oxygen rebound pathway could
be achieved.

Redox-inactive metal ions play crucial roles in various
enzymes. One of the most representative examples of such
ions is the calcium ion from the Mn,O5Ca cluster in photosys-
tem II, which promotes O-O bond formation for O, evolution
in the water oxidation reaction.**® In biomimetic systems,
these redox-inactive metal ions, acting as Lewis acids, have
been proven to significantly increase the redox potential of
high-valent metal oxygen species, resulting in an enhanced
reactivity  or different reaction  pathways.’?°®
Furthermore, it was found that the binding of metal ions with
the oxygen atom of the metal-oxo species through Lewis acid-
base pair interaction would remarkably increase the hinder-
ance of the metal-oxo species.®® Therefore, it can be proposed
that the introduction of metal salts, such as metal bromides
(MBr), into iron porphyrin-catalyzed oxidation reactions may
inhibit the oxygen rebound step owing to the Lewis acid effect
of the M" cation, and then, the carbon radical species could
undergo other transformations to react with Br~, affording the
desired brominated product R-Br instead of the hydroxylated
product R-OH (Scheme 1c).

Herein, we examined a series of metal bromides in the oxi-
dation of unactivated C-H bonds catalyzed by the iron por-
phyrin complex. It was found that the addition of LiBr could
significantly inhibit the oxygen rebound pathway in the iron
porphyrin system. As a result, the brominated compound was
the sole product without the formation of an alcohol or ketone
(Scheme 1c). The substrate scope showed that this strategy
could be applied for the bromination of various simple hydro-
carbons, such as cycloalkanes, linear alkanes, and benzyl com-
pounds. In all the cases, brominated products were the only
detectable products with satisfactory turnover numbers (TON:
10-45). To the best of our knowledge, this is the first reported
example of the selective bromination of simple hydrocarbons

even
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through biomimetic oxidative functionalization catalyzed by
an iron porphyrin complex. Furthermore, mechanistic studies
combined with theoretical calculations revealed that two mole-
cules of LiBr bonded with the high-valent iron-oxo intermedi-
ate, which significantly inhibited the oxygen rebound pathway.
Experimental data and density functional theory (DFT) calcu-
lations also suggested that a carbocation intermediate formed
from the incipient carbon radical was involved in the reaction
in the presence of LiBr. The carbocation intermediate then
reacted with a bromide anion to afford the final brominated
product with high selectivity. This unprecedented reaction
pathway catalyzed by the synthetic iron porphyrin complex is
totally different from manganese porphyrin-catalyzed halo-
genation reactions but similar to the reaction mechanism of
certain native P450 enzymes (vide supra). The key role of Li" in
tuning the reaction pathway was also investigated in this work.

2. Results and discussion
2.1 Reaction development

2.1.1 Screening of metal bromides for the selective bromi-
nation of hydrocarbons. First we investigated the oxidation of
cyclohexane (CHA) catalyzed by iron porphyrin [Fe(TDFPP)CI]
in the presence or absence of metal bromides using iodosyl-
benzene (PhIO) as the terminal oxidant.®® As reported in the
literature, only oxygenated products, such as cyclohexanol and
cyclohexanone, were obtained with a total TON of 7 (Table 1,
entry 1) in the absence of metal bromide.”””’> We then
explored the effects of various metal bromides on the oxi-

Table 1 Catalytic oxidation of cyclohexane in the presence of various
metal bromides?

[Fe(TDFPP)CI] 2.0 pmol Br oH O
O + PhIO MBr 0.25 mmol (j @ é
CH3CN 2.0 mL
rt., Ar, 12 h
1.0 mmol 0.2 mmol -Br -OH -one
TON®
Entry Metal Bromide -Br -OH -one Selectivity” (%)
1 None 0 4 3 0
2 LiBr 45 — — >99
3 NaBr 11 4 2 64
4 KBr 2 5 3 20
5 RbBr 7 5 2 50
6 CsBr 6 5 2 47
7 MgBr, 1 — 0.5 67
8 CaBr, 3 —_ 3 50
9 BaBr, 5 3 41
10 YBr, — — — —
11 LaBrj3 — — — —

“Reaction conditions were as follows: cyclohexane (1.0 mmol), [Fe
(TDFPP)CI] (2.0 pmol), PhIO (0.2 mmol), MBr (0.25 mmol) and 2.0 mL
of solvent CH;CN, r.t., argon atmosphere, and 12 h. 2 TON was based
on the amount of [Fe(TDFPP)CIl] using n-dodecane as the internal stan-
dard. “Selectivity was calculated as the percentage of TON(-Br)/[TON
(-Br) + TON(-OH) + TON(-one)].
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dation of CHA. These metal bromides were divided into three
categories: (1) alkali metal bromides, such as LiBr, NaBr, KBr,
RbBr and CsBr; (2) alkaline earth metal bromides, such as
MgBr,, CaBr, and BaBr,; and (3) rare earth metal bromides,
such as YBr; and LaBr;. As shown in Table 1, entry 2, a slight
excess amount of LiBr over the oxidant PhIO afforded a higher
TON of 45 with a high selectivity for bromocyclohexane
(>99%). No oxygenated product was observed in the presence
of LiBr, indicating that the oxygen rebound was completely
inhibited, and that the non-oxygen rebound was the predomi-
nant reaction pathway under this condition. For the other
alkali metal bromides, the total TONs decreased with poor
selectivity. For example, the catalytic oxidation of CHA in the
presence of NaBr afforded a total TON of 17 with 64% selecti-
vity for bromocyclohexane (Table 1, entry 3). RbBr or CsBr
afforded even poorer TONs and selectivities (Table 1, entries 5
and 6). Obviously, the selectivity of bromocyclohexane was
highly dependent on the ionic radii of the alkali metals (see
ESI, Fig. S1). We proposed that smaller cations, such as Li",
would be more accessible to the active intermediate iron-oxo
species, leading to the superior selectivity. When alkaline
earth metal bromides or rare earth metal bromides were used,
very low TONs were obtained together with poor selectivity
(Table 1, entries 7-11). Taken all the previous findings
together, LiBr was selected as the Lewis acid and bromide
source for the next optimization of the bromination reactions.

Preliminary studies showed that the presence of LiBr could
significantly inhibit the oxygen rebound pathway, leading to
the selective bromination of CHA. We thus investigated the
influence of the amount of LiBr on the selectivity. As expected,
the selectivity of bromocyclohexane increased as the amount
of LiBr increased (ESI, Fig. S21). Once the loading of LiBr was
larger than that of PhIO, bromocyclohexane was obtained as
the sole product. These results indicated that a larger amount
of LiBr may facilitate the binding of the Lewis acid to the high-
valent iron-oxo intermediate, which inhibited the oxygen
rebound reaction pathway. However, a large excess amount of
LiBr could only slightly increase the TON without changing
the selectivity. Therefore, 125 eq. of LiBr was chosen for the
subsequent bromination reactions.

2.1.2 Optimization of reaction conditions. Other reaction
conditions, such as the optimum catalyst, oxidant and solvent,
were also screened. Similar to [Fe(TDFPP)Cl], when other iron
porphyrin complexes bearing electron-deficient ligands, such
as [Fe(TMFPP)Cl], [Fe(TPFPP)Cl] and [Fe(TDCPP)Cl], were used
as the catalyst, bromocyclohexane was the sole product with
different TONs (Table 2, entries 1-3), indicating that the
oxygen rebound step was completely inhibited by LiBr for
these iron porphyrin catalysts. However, when an electron-rich
iron porphyrin complex, ie., [Fe(TMP)Cl], was employed, no
product was observed (Table 2, entry 4).

Other terminal oxidants, such as sodium hypochlorite
(NaClO), are often used in the formation of high-valent iron-oxo
porphyrin species and related catalyzed oxidation reactions.'*”*7¢
In our system, when PhIO was replaced by NaClO, bromocyclo-
hexane was obtained as the sole product in the presence of LiBr

Inorg. Chem. Front., 2025, 12, 4199-4212 | 4201
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Table 2 Optimization of reaction conditions for iron porphyrin-cata-
lyzed bromination reactions?®

Catalyst 2.0 umol Br OH Q
. LiBr 0.25 mmol
+ Oxidant
O Solvent 2.0 mL © é
rt, Ar,12h
1.0 mmol 0.2 mmol -Br -OH -one
Selectivity”
Entry Catalyst Oxidant Solvent TON-Br’ (%)
1 [Fe(TMFPP)  PhIO  CH;CN 10 >99
Cl]
2 [Fe(TPFPP)CI] PhIO  CH,CN 9 >99
3 [Fe(TDCPP) ~ PhIO  CH,CN 11 >99
Cl]
4 [Fe(TMP)CI] ~ PhIO  CH,CN — —
5 [Fe(TDFPP)CI] NaClO CH,CN 22 >99
6 [Fe(TDFPP)CI] PhIO  EtOAc  — —
7 [Fe(TDFPP)CI] PhIO Acetone — —
8 [Fe(TDFPP)CI] PhIO  "PrCN  — —
9 [Fe(TDFPP)CI] PhIO  PhCF, 4 17

“Reaction conditions were as follows: cyclohexane (1.0 mmol), catalyst
(0.2 pmol), oxidant (2.0 mmol), LiBr (0.25 mmol) and 2.0 mL of
solvent, r.t., argon atmosphere, and 12 h. 5 TON was based on the
amount of catalyst using n-dodecane as the internal standard.
¢ Selectivity was calculated as the percentage of TON(-Br)/[TON(-Br) +
TON(-OH) + TON(-one)].

(Table 2, entry 5), but the TON was decreased. The better perform-
ance of PhIO in terms of the TON might be ascribed to its poor
solubility, which prevented overoxidation of the catalyst.’” It
should be noted that no chlorocyclohexane was observed when
NaClO was used as the oxidant in the presence of LiBr, while
chlorocyclohexane was the major product obtained in the manga-
nese porphyrin-catalyzed oxidation of hydrocarbons when using
NaClO without LiBr.** The same selectivity obtained when using
different oxidants suggested that identical high-valent iron-oxo
intermediate interactions with LiBr may be involved in the
mechanism (vide infra).

When the polar solvent acetonitrile was replaced by a less
polar solvent, such as ethyl acetate or acetone (Table 2, entries
6 and 7), no reaction occurred under these conditions.
Furthermore, extending the carbon chain of acetonitrile to
butyronitrile ("PrCN) totally shut down the reaction (Table 2,
entry 8). Use of the special solvent trifluoromethyl benzene
(PhCF;) (Table 2, entry 9), which was previously used to gene-
rate Cpd I at room temperature, afforded bromocyclohexane
with a poor TON and selectivity.”” Finally, the control experi-
ments indicated that no product was formed in the absence of
the iron porphyrin catalyst or oxidant (ESI, Table S1t). Taken
together, the best reaction conditions were optimized as
follows: catalyst [Fe(TDFPP)Cl], oxidant PhIO (100 eq.),
bromide source LiBr (125 eq.), substrate (500 eq.) and solvent
CH;CN at room temperature.

2.1.3 Substrate scope. With the optimized conditions in
hand, we next investigated the scope of this iron porphyrin-
catalyzed bromination protocol. The method demonstrated a
broad scope and exhibited high efficiency for inert C-H bond
activation. For various hydrocarbons, such as cycloalkanes,
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linear alkanes, benzyl compounds and adamantane, highly
selective bromination reactions were achieved without the for-
mation of oxygenated products (alcohol or ketone products).
For example, a mono-brominated product was the sole product
in the reaction of cyclopentane, cycloheptane, or cyclooctane
with moderate TONs (13-35) as obtained in the reactions of
cyclohexane (Table 3, entries 1-3). Bromination of n-hexane
and n-octane occurred at the secondary C-H bonds with
almost identical TONs at the C2, C3 or C4 site, because of the
very close bond dissociation energies (BDEs) of these C-H
bonds (Table 3, entries 4 and 5).”® As expected, selective bromi-
nation of benzyl C-H bonds was observed for benzyl com-

Table 3 Substrate scope of iron porphyrin-catalyzed C-H bond
bromination?

[Fe(TDFPP)CI] 2.0 umol
LiBr 0.25 mmol

R-H + PhIO R-Br
CH,CN 2.0 mL
1.0 mmol 0.2 mmol rt., Ar, 12 h
Entry Substrate b TON*

1

Product
O .
Br
26
Br
O/Br 35

20

8 Br 14
9 Br 12
F/©)\
10 Br Br 10:3
Br
11 20:6

?B Y 9Re | {000

Br
Br.
Br \I:>*Br

“Reaction conditions were as follows: substrate (1.0 mmol), [Fe
(TDFPP)CI] (2.0 pmol), PhIO (0.2 mmol), LiBr (0.25 mmol)and 2.0 mL
of solvent CH;CN, r.t., argon atmosphere, and 12 h. b1n all cases, only
brominated products were obtained.  TON was based on the amount
of [Fe(TDFPP)CI] using n-dodecane as the internal standard.

This journal is © the Partner Organisations 2025
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pounds owing to the weaker BDEs (Table 3, entries 6-9).
Interestingly, when adamantane was used as the substrate,
both mono-bromo and di-bromo products were obtained with
TONSs of 10 and 3, respectively (Table 3, entry 10).

Moreover, the bromination of mono-bromo cyclopentane
was also achieved under these conditions, affording 1,2-dibro-
mocyclopentane and 1,3-dibromocyclopentane with TONs of
20 and 6, respectively (Table 3, entry 11). These results indi-
cated that the reaction system developed in this work is
capable of enabling the further bromination of brominated
hydrocarbons.

2.2 Mechanistic studies

Although the bromination reaction catalyzed by the synthetic
iron porphyrin complex is unprecedented, the halogenation of
C-H bonds catalyzed by heme enzyme has already been discov-
ered with the chloroperoxidase (CPO) system. Similar to the
CYP450 system, the high-valent iron-oxo intermediate Cpd I
was originally formed in the active site of CPO, followed by
combination with a halide anion to generate the active species
[Fe'™(0X)(Por)].**7°"®% The substrate then reacted with this
intermediate to afford the halogenated product (Scheme 2a). If
the bromination reaction developed in this work went through
a similar reaction pathway to CPO, the selectivity for bromina-
tion should occur irrespective of the metal ions. However, in
our system, the selectivity for bromination was sensitive to the
metal ion used (Table 1). Therefore, the CPO-like reaction
pathway could be excluded in this work.

(a) Chloroperoxidase catalyzed halogenation

(ﬁ OX R-H
—Fe'V: _X> —Felll— AT» —Felll—
|
L L R-X L
X= halide

(b) Radical escape and captured in manganese porphyrin system
and non-heme biomimetic system

Radical escape

R-H R
0 OH o7} R=0

_Mn+2__> _Mn+1_ —_— R' p— [X]
— R.[X]

[X] = radical scavenger
(c) Iron porphyrin catalyzed C-H bond bromination with LiBr

R-H PR R* 1
Li Li bl L L Ll
o i OH OH Br
s : I | :
—FeVe — i —FeV— —» —Fell— —Fell—
I b [ I
L oL L R-Br L
1 H

Scheme 2 Possible mechanisms of the metalloporphyrin-catalyzed
functionalization of C—H bonds.
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Another possible reaction route for bromination is through
a bromo radical as the bromination source, which may be
derived from the oxidation of the Br~ anion by the oxidant
PhIO. Cyclic voltammetry (CV) analysis of LiBr and n-Bu,N'Br~
(TBABr) showed an oxidized peak for TBABr at 0.59 V (vs. Fc/
Fc'), whereas no oxidized peak was observed for LiBr in the
same scanning range (ESI, Fig. S3t). This result indicated that
LiBr was more difficult to be oxidized than TBABr in CH;CN.
Moreover, DFT calculations showed that the dissociation of
LiBr into Li" and Br~ in CH;CN was highly endothermic (AG ~
65.7 kcal mol™*), while the dissociation energy of LiBr in water
was calculated as —124.5 kcal mol™". The CV data combined
with the results from the DFT calculations suggested that LiBr
was more likely to be present as an independent molecule in
CH;CN other than its ionic form. However, the oxidation of
the Br~ anion to bromo radical is unfavored in CH;CN.
Therefore, the bromo radical as the bromination source could
be excluded in this work. To further study the mechanism of
the iron porphyrin-catalyzed bromination reactions, especially
the effect of metal ions on selectivity, kinetic studies, charac-
terization of the reaction intermediate, radical trapping experi-
ments and DFT calculations were then performed.

2.2.1 Kinetic studies. Competitive kinetic isotope experi-
ments were carried out to explore the rate-determining step of
the iron porphyrin-catalyzed bromination reactions. The
kinetic isotope effect (KIE) value was determined as 8 for cyclo-
hexane and d,-cyclohexane and 22 for toluene and ds-toluene,
respectively (Fig. 1a and ESI, Fig. S3, S47}). The large KIE values
indicated that the C-H bond cleavage was the rate-determining
step of the reaction.®*®® Moreover, such large KIE values also
revealed that the high-valent iron-oxo porphyrin intermediate
should be involved in the C-H bond cleavage, rather than the

(a) Br Br
Standard Condition
+ T di2 * A1
8 : 1

0.5 mmol 0.5 mmol
Br Br
A Standard Condition X
+ | s | g
= =
0.5 mmol 0.5 mmol 20 : 1
b H Br
(b) Br
Standard Condition
detected N.D.
© [Fe(TDFPP)CI] 2.0 pmol Br oH Q
O . PhO LiBr 0.25 mmol
CH3CN 2.0 mL
1.0mmol 0.2 mmol i, Alr, 12 h TON=37 ND. N.D.

Fig. 1 Mechanistic studies of bromination reactions catalyzed by [Fe
(TDFPP)CI]. (@) Competitive kinetic isotope experiments with cyclo-
hexane or toluene as the substrate. (b) cis-Decalin as the diagnostic sub-
strate. (c) The standard reaction under air.

Inorg. Chem. Front., 2025, 12, 4199-4212 | 4203


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi00508f

Open Access Article. Published on 22 3 2025. Downloaded on 2025/10/17 18:49:17.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

——Cpd II-Li* 835.0992
413 nm ---- Cpd-li

:: 1.0 4
s 870.0702
@
g 830 840 850 860 870
g miz
=
o 0.54
7]
e
<

0.0 4

500
Wavelength (nm)

Fig. 2 UV-vis spectra of [FeV(OL)(TDFPP)] (red line) and [Fe(O)
(TDFPP)] (blue dashed line) generated through the reaction of [Fe
(TDFPP)CL] (0.05 mM) and PhIO (0.4 mM) in the presence or absence of
LiBr in CHsCN at 263 K. Inset shows the ESI-MS spectrum of the iron
(iv)—oxo species generated in the bromination reaction under standard
conditions. m/z = 835.0992: [Fe'V(OL)(TDFPP)]*; m/z = 870.0702:
[Fe"V(OLi)(TDFPP)"CLI*.

Br radical species. For the latter case, the KIE value is always
in the range of 2 to 4.%7%

2.2.2 Characterization of the reaction intermediates. As
suggested by the KIE experiments, the high-valent iron-oxo
species responsible for C-H bond cleavage should be involved
in the reaction. Generally, mixing the ferric porphyrin complex
and PhIO leads to the formation of iron(iv)-oxo porphyrin
species (Compound II, Cpd 11).5¢%°* Uv-vis spectroscopy of
the reaction solution exhibited a sharp peak at 413 nm in the
Soret band and another peak at 550 nm in the Q-band, both of
which are the characteristic peaks of Cpd II species (Fig. 2, red
line).**%"** However, the Q-band of the reaction intermediate
was slightly redshifted from 545 nm to 550 nm, compared
with [Fe"™(O)(TDFPP)] species without Li* (Fig. 2, blue dashed
line).** We propose that the redshift was due to the binding of
Li" with iron(wv)-oxo porphyrin species. Characterization of the
reaction solution using electron spray ionization mass spec-
trometry (ESI-MS) further confirmed the binding of iron(iv)-
oxo porphyrin species with Li* (Fig. 2, inset, [Fe™(OLi)
(TDFPP)]", m/z = 835.0992). Interestingly, we also observed a
small amount of Cpd I species bound with Li" (Fig. 2, inset,
[Fe™(OLi)(TDFPP)'CI]", m/z = 870.0702). The Cpd I species
bound with Li" may be generated from the disproportionation
of Cpd 1I species promoted by the Lewis acid Li*.>® In fact, the
disproportionation of Cpd II into Cpd I species under acidic
conditions was discovered by Fujii, van Eldik, Newcomb and
their co-workers,'*¢%

Previous studies have proved that the Cpd II species is a
weak oxidant, which has difficultly in activating inert C-H
bonds with a BDE larger than 90 kecal mol*.*'*#%% However,
the Cpd I species is a much stronger oxidant and can react
with cyclohexane, octane or benzene.*'" Therefore, we propose
that the Cpd II species bound with Li" were originally gener-
ated in the reaction solution and then converted to the Li"
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Fig. 3 (a) Gibbs free energy profile (kcal mol™?) for the bromination of
CHA by Cpd | with two LiBr molecules. (b) Key structures on the doublet
involved in the reactions. Key distances (in angstroms) and spin popu-
lation are given. Some atoms are omitted for clarity.

bound Cpd I species through disproportionation. The latter
one then abstracted the H atom of the substrate to form the
incipient carbon radical for the following bromination
reaction.

2.2.3 Radical trapping experiments. Since the oxygen
rebound to the incipient radical to form a hydroxylated
product was not favored in the present work, there must be
other reaction pathways to explain the incipient radical trans-
formation. Groves and Nam found that the incipient carbon
radical may escape from the radical cage and then react with a
halide source in manganese porphyrin-catalyzed halogenation
reactions.’””'% Similarly, in non-heme systems, it has been
proved that the escaped radical species could be easily cap-
tured by radical scavengers, such as CCl;Br or O,, to afford a
brominated product or ketone, respectively (Scheme 2b)."%"*°

In both cases of manganese porphyrin and non-heme bio-
mimetic systems, radical species with a relatively long lifetime
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were essential for the following radical escape and were then
captured by radical scavengers. However, the lifetime of the
incipient carbon radical was too short to be directly detected.
In this regard, diagnostic substrates, which form radicals that
undergo changes in their stereochemistry or structure after
hydrogen abstraction, provide a powerful tool to study the
intermediate radical and corresponding mechanism.**
Therefore, cis-decalin was used as the diagnostic substrate to
probe the reaction pathway. The rearrangement rate constant
of 9-cis-decalyl radical derived from cis-decalin was determined
as 1 x 10% s7.*° If a long-lived radical was involved in the reac-
tion, trans-brominated decalin would be obtained through
radical rearrangement.*>'%® However, in the bromination reac-
tion of cis-decalin under standard conditions, no trans-bromi-
nated decalin was observed. The configuration retained cis-bro-
minated decalin as the only brominated product (Fig. 1b).
This result demonstrated that the lifetime of the incipient
radical derived from cis-decalin must be much shorter than 1
x 10% 57!, which means it would not be able to escape from the
radical cage to react with the bromide source.*> Moreover,
when the bromination of CHA was carried out under air, a
similar TON to that of bromocyclohexane with high selectivity
was obtained (Fig. 1c). The absence of a cyclohexanone
product under aerobic conditions further confirmed that the
incipient radical could not escape from the cage and then be
captured by dioxygen. Thus, taken together, the radical escape
mechanism shown in Scheme 2b could be unambiguously
excluded in this work.

2.2.4 DFT calculations. As discussed above, the incipient
radical that did not go through oxygen rebound pathway was
supposed to react in the radical cage with a very fast reaction
rate for the following transformation. This step is reminiscent
of native P450 enzymes-catalyzed desaturation and decarboxyl-
ation reactions, in which the carbon radical reacts with the Fe
(iv)-OH intermediate through fast electron transfer to form a
carbocation intermediate and Fe(m)-OH species.???110%10
Therefore, we propose that the Fe(v)-OH intermediate that
interacted with LiBr accepted one electron from the incipient
carbon radical to form a carbocation intermediate and then
reacted with the bromide anion to afford the brominated
product (Scheme 2c).

To further unveil the reaction mechanism, especially the
key role of LiBr in the selectivity of the C-H bond bromination,
DFT calculations were performed for the reactions of CHA and
p-chlorotoluene (PCT). First, we examined the reaction of the
active intermediate [Fe™(O)(TDFPP)]" (Cpd 1) and CHA
without LiBr. Consistent with our experimental data, the reac-
tion afforded the hydroxylation of CHA, with a barrier of
13.5 kcal mol™" (Fig. S71). Then, 1-3 molecules of LiBr were
added into the Cpd I species to elucidate the effect of the LiBr.

If one molecule of LiBr interacted with Cpd I species, our
calculations show that the H-atom transfer (HAT) from CHA to
Cpd I and the following oxygen rebound process via a single
step would still be favored, suggesting that a single LiBr mole-
cule interacting with Cpd I would not be sufficient to inhibit
the oxygen rebound for bromination reactions (Fig. S8%).
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Therefore, we next tested the case of two molecules of LiBr
interacting with Cpd I species. Fig. 3 shows the DFT-calculated
energy profile of the bromination of CHA in the presence of
two molecules of LiBr. In the optimized structure of the start-
ing reactant complex A (RCA), two LiBr molecules are ligated
to the oxo moiety of Cpd I via a lithium ion (Fig. 3b). Similar
to the hydroxylation reaction, the bromination reaction was
also initiated by the HAT of CHA with Cpd I in the transition
state A1 (Fig. 3a, TSA1). This process was coupled with a
proton transfer to the neighboring Br~, leading to the for-
mation of an HBr molecule, the binding of Fe(u)-OH species
with Li" and the cyclohexene intermediate in the intermediate
complex A1l (Fig. 3a, ICA1). This step involved a barrier of
14.7 keal mol™" (Fig. 3a, RCA — TSA1), consistent with our KIE
results in which HAT was involved in the rate-determining
step.

To further understand the detailed process from TSA1 to
ICA1, population and orbit analyses were performed (ESI,
Fig. S9 and S10%). Along the reaction coordinate, it was found
that the spin population of the CHA moiety initially increased
to 0.66 and then decreased to zero. Concurrently, the spin
population of the iron-oxo moiety and porphyrin dropped to
1.09 and zero, respectively. These observations indicate that
the desaturated intermediate cyclohexene was formed through
two states: the incipient carbon radical and subsequent carbo-
cation. Firstly, the HAT of CHA begins to form the carbon
radical state (spin population from 0 to 0.66), followed by fast
electron transfer to the iron-oxo species to form the carbo-
cation state (spin population from 0.66 to 0). The carbocation
state is also highly unstable and donates its proton to the
neighboring Br~ simultaneously, affording ICA1 (Fig. 3a). The
large downhill energy change from TSA1 to ICA1 further con-
firmed that the transformation of the incipient radical state
was very fast, which was then not able to escape from the
radical cage, as discovered in the radical trapping experiments
(vide supra).

After the formation of ICA1, it was found that nascent HBr
can add to the double bond of cyclohexene via TSA2 to form
the final brominated product (Fig. 3a). In the optimized struc-
ture of TSA2, the Br~ moiety of HBr was strongly coordinated
to the adjacent Li" (ESI, Fig. S117), suggesting this addition
step was significantly promoted by the nearby Li'. This
addition step had a barrier of 15.6 keal mol™" (Fig. 3a, ICA1 —
TSA2). Indeed, the addition of HBr to cyclohexene without Li"
required quite a high barrier of 20.3 kcal mol™ (ESI,
Fig. S127).

For comparison, we also investigated the oxidation of CHA
with three molecules of LiBr. Slightly different from the case
of two LiBr molecules, the bromination with three LiBr mole-
cules proceeded through a concerted hydride transfer, which
was coupled with the attack by a neighboring Br™ on the carbo-
cation, forming a brominated product via a single reaction
step (ESI, Fig. S13f). However, the reaction involved a much
higher barrier of 22.5 kcal mol™, suggesting that the ligation
of more Li" to the iron-oxo group could, to some extent, reduce
the reactivity of Cpd I for HAT. Therefore, we propose that
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selective bromination promoted by the binding of two mole-
cules of LiBr with Cpd I species is preferred.

To further confirm the carbocation mechanism of the bro-
mination promoted by LiBr, DFT calculations were also carried
out on the bromination of PCT with 2 LiBr, in which the
alkene intermediate could not be formed owing to the benzyl
structure. As shown in Fig. 4a, the hydride transfer from PCT
to Cpd I afforded a relatively stable carbocation intermediate
ICB1. This step experienced a barrier of 15.1 kecal mol™
(Fig. 4a, RCB — ICB1). Similarly, the spin population of the
PCT moiety rose to 0.79 and then fell to 0.13 along the reaction
coordinate (ESI, Fig. S24}). Concurrently, the charge on the
PCT moiety increased to 0.65. These changes indicate that the
process involved a hybrid transfer mechanism through an inci-
pient carbon radical state, eventually resulting in the for-
mation of a relatively stable benzyl cation. After the formation
of ICB1, we considered two possible routes: One was oxygen
rebound to form the hydroxylated product, which had a
barrier of 4.3 kcal mol ™" (Fig. 4a, red lines, ICB1 — PCBa); and
an alternative pathway, in which the transfer of Br™ to the sub-
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Fig. 4 (a) Gibbs free energy profile (kcal mol™) for the bromination of
PCT by Cpd | with two LiBr molecules. (b) Key structures on the doublet
involved in the reactions. Key distances (in angstroms) and spin popu-
lation are given. Some atoms are omitted for clarity.
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strate cation led to the brominated product (Fig. 4a, black
lines, ICB1 — PCB), which involved a much smaller barrier of
2.4 kecal mol™". This latter result was consistent with our
experiment, in which the brominated product was the sole
product in the reaction of PCT (Table 3, entry 7).

To verify that Cpd I rather than the Cpd II species were
responsible for the bromination in the presence of LiBr, we
conducted calculations on the CHA oxidation involving Cpd 1II
interacting with LiBr. Our calculations show that the oxygen
rebound step could not be inhibited in this case. Both the
hydroxylated product and bromination product could be
formed when Cpd II was the reactive intermediate even when
LiBr was employed in the reaction (ESI, Fig. S15 and S16%).
Therefore, Cpd II as the active species for bromination reac-
tions could be ruled out.

2.2.5 Trapping of the alkene intermediate. As discussed
using the DFT calculations, a cyclohexene intermediate was
formed in the bromination of CHA through the carbocation
route. To confirm this mechanism, we examined a series of
hydrocarbon substrates to trap the alkene intermediate.

Interestingly, when indane was used as the substrate, the
desaturated compound indene was the only product obtained
under the standard conditions (with LiBr, Fig. 5a and ESI,
Fig. S17t). However, the hydroxylated compound indanol was
the only product obtained in the oxidation of indane without
LiBr (Fig. 5a). This result clearly indicated that the alkene was
indeed an intermediate in the catalytic bromination when
using substrates containing a B-H bond in the presence of
LiBr. Further bromination of indene was not observed because
the addition of in situ HBr to indene was unfavored, as
suggested by the DFT calculations (ESI, Fig. S18-S207).

Although the carbocation intermediate was too unstable to
be characterized in the catalytic reactions, the trapping of the
desaturated product alkene demonstrated that the carbocation
route should be involved in the reaction mechanism, as pre-
viously discovered for native CYP450 enzymes. For example, in
the oxidation of cyclopropyl derivatives by CYP2B1 and the oxi-
dation of valproic acid by CYP450, the formation of a desatu-
rated product was considered to occur through the carbocation
reaction pathway.”®'% Therefore, trapping of the alkene inter-
mediate in the reaction of indane further supported the carbo-
cation route as being involved in the bromination when LiBr

(a) without LiBr with LiBr
OH [Fe(TDFPP)CI] [Fe(TDFPP)CI]
PhiO PhIO
CH3CN CH3CN
Ar, r.t. Ar, r.t.
Sole Product Sole Product
(b) H Br
[Fe(TDFPP)CI]
+ PhIO + LiBr + LIOH! + Phl
CH3CN, Ar

n(-Br) = n(LiOH)
Fig. 5 (a) Indane as a substrate to investigate the intermediate of the

catalytic oxidation reactions; (b) determination of LiOH generated in the
reaction under standard conditions.
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was employed. Besides, this result further excluded the involve-
ment of the bromo radical in the present work.

2.2.6 Role of Li*. The combined experimental data and
theoretical calculations unambiguously proved that Li" is criti-
cal for the selectivity. Although the effect of the redox-inactive
metal ions on the reactivity enhancement of the metal-oxygen
species have been extensively studied, the effect on the selecti-
vity is less understood, especially for heme systems. Nam,
Fukuzumi and co-workers found that binding with a metal ion
could significantly increase the redox potential of metal-oxo
species. For example, binding with two equivalents of Sc**
increased the redox potential of [Fe"(O)(N,Py)] by 0.84 v.®”1°¢
Furthermore, they also found that electron transfer to metal-
oxo species would be triggered by metal ions through a metal
coupled electron transfer (MCET) mechanism.®®®” Therefore,
we propose that when Li" binds with the Cpd I species, the
incipient carbon radical derived from HAT immediately trans-
fers its electron to form a carbocation intermediate, due to the
elevated redox potential of the iron-oxo species through a
MCET mechanism. Consequently, the oxygen rebound to the
carbon radical is inaccessible in this case (Scheme 2c).

In addition to the facile electron transfer promoted by Li’,
the steric hinderance of the iron-oxo species is another key
factor for the oxygen rebound step. Obviously, binding with
2 molecules of LiBr will greatly increase the steric hinderance
of the iron-oxo species. Indeed, the crystal structure of the
Sc**-bound [Fe"™(0)(TMC)] complex clearly showed the bulky
hinderance around the iron-oxo moiety.®® Therefore, the
oxygen rebound step was more difficult when LiBr was intro-
duced in this work, leading to the selective bromination
reaction.

After the formation of the brominated product, the OH
group that was not rebound to the radical still binds with iron
(m) porphyrin (Fig. 3a, PCA and Fig. 4a, PCB). However, the
next catalytic turnover requires a vacant coordination site of
the ferric porphyrin complex to launch the reaction. Therefore,
we propose that LiOH precipitates from the solution after the
reaction. The pH titration experiments of the reaction residue
under standard conditions showed that the amount of LiOH
generated in the reaction was approximately equal to the
amount of bromocyclohexane (Fig. 5b). Therefore, the for-
mation of LiOH precipitate may be another driving force for
the catalytic bromination reaction.

2.2.7 Proposed mechanism. The proposed mechanism for
the bromination reaction is summarized in Scheme 3.
Basically, Cpd II species are first generated in the reaction of
the iron porphyrin catalyst and PhIO and then converted to
Cpd I species in binding with two molecules of LiBr, through
disproportionation promoted by Li*. Then the HAT of the sub-
strate by the Li"-bound Cpd I species takes place through an
incipient carbon radical state and subsequent carbocation
state. For the substrates with B-H bonds, like cyclohexane, the
corresponding alkene intermediate and in situ HBr are formed
followed by the addition of HBr to the double bond, affording
the brominated product. While in the case of the benzyl com-
pound, a relatively stable carbocation intermediate is formed
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Scheme 3 Proposed mechanism.

and then reacts with bromide anions to give the brominated
product. In both cases, after the formation of the brominated
product, the OH group is removed from the ferric porphyrin
complex as LiOH precipitate for the next catalytic turnover.

3. Conclusions

In summary, we developed a method for biomimetic selective
bromination of unactivated C-H bonds catalyzed by an iron
porphyrin complex with LiBr, in which the oxygen rebound
step was completely inhibited owing to the interaction of iron-
oxo species with Li". This method can be applied to the bromi-
nation of various hydrocarbons, such as cycloalkanes, linear
alkanes, benzyl compounds and adamantane. Combined
mechanistic studies and DFT calculations revealed a carbo-
cation route instead of oxygen rebound pathway. This novel
mechanism is different from the halogenation by chloroperoxi-
dase or a manganese porphyrin complex. The key roles of Li"
were concluded as follows:

(1) Binding with Li* can greatly elevate the redox potential
of iron-oxo species, resulting in fast electron transfer from the
incipient carbon radical to the iron-oxo species through an
MCET mechanism, which gives the carbocation intermediate/
state responsible for the formation of the brominated product.

(2) Binding with Li" significantly increases the steric hin-
derance of the iron-oxo species, in which case, oxygen rebound
is inaccessible.

The use of the iron porphyrin catalyst to achieve oxidative
functionalization is a big challenge in the biomimetic field
because of the fast oxygen rebound step. This work presents a
convenient strategy to inhibit the oxygen rebound step by
introducing redox-inactive metal ions, which can guide efforts
to produce versatile organic compounds from simple hydro-
carbons. The development of other biomimetic functionali-
zation reactions of hydrocarbons by changing the anion of
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metal salts and the extensive characterization of the metal-ion-
bound iron-oxo species are ongoing in our laboratory.
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