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Selective aromatic halogenation by a manganese compound I 
model: A mimic of chloroperoxidase† 

Lina Zhang,a# Steiny Russelisaac Premakumari,b# Maggie Ng,b Jisheng Zhang,c Yong-Min Lee,*a 
Shunichi Fukuzumi,*a Kyung-Bin Cho,*b and Wonwoo Nam*a,d,e

A high-valent manganese(IV)-hydroxo porphyrin -cation radical complex, [MnIV(OH)(Por+·)(OTf)]+ (a protonated manganese 
Compound I analogue), was studied in the halogenation of aromatic compounds. By replacing the triflate anion with Cl– or 
Br–, we were able to halogenate toluene with a high selectivity for C(sp2)–H bonds over C(sp3)–H bonds, such as chlorination 
with Cl– or bromination with Br– in the aromatic ring. We have also examined the halogenation of naphthalene and benzene 
derivatives with [MnIV(OH)(Por+·)(X)]+ (X = Cl– and Br–). In all of these reactions, halogenated products were formed 
dominantly and the source of the halogens in the products was found to be halides in the [MnIV(OH)(Por+·)(X)]+ complexes. 
In the absence of halides, naphthalene was found to undergo dimerization. Kinetic isotope effect (KIE) experiments on this 
reaction showed no isotopic effect in the halogenation reactions. DFT calculations on models with naphthalene substrate 
supported a mechanism involving an initial (rate-limiting) electron transfer from the substrate to [MnIV(OH)(Por+·)(OTf)]+, 
coupled by the Cl– attachment to the C1 position of naphthalene radical cation. This picture was also supported by Marcus 
theory of outer-sphere electron transfer. The so-formed [MnIV(OH)(Por)(OTf)] (a manganese Compound II analogue) 
performed a hydrogen atom transfer from the C1 position of the substrate to form the chlorinated naphthalene and 
[MnIII(H2O)(Por)(OTf)]. DFT calculations showed that [MnIV(OH)(Por)(OTf)] can also perform direct OH-transfer to the 
substrate competitively, leaving open possibilities for side-reactions or alternative reactions in a different environment. This 
study provides a deeper understanding of chloroperoxidase-like reactions.

Introduction
Halogenated aromatic molecules play a crucial role in synthetic 
pharmaceuticals,1-3 agriculture,4 and organic synthesis.5-9 
However, the conventional method of electrophilic 
halogenation pathway utilizes hazardous halogen gases, such as 
Cl2 or Br2, or organic chlorination reagents like N-
chlorosuccinimide (NCS) and tBuOCl, which are derived from 
halogen gases and result in significant amounts of organic 
waste.10-14 Therefore, a more secure, simple, and 

environmentally friendly approach is needed. In nature, 
chloroperoxidase is a unique enzyme capable of halogenating 
aromatic rings C(sp2)–H over C(sp3)–H under low pH 
conditions.15-21 It also shares similar properties with peroxidases 
(dehydrogenation or oxygen evolution) and P450s (C–H bond 
hydroxylation).16b The mechanism of chlorination by 
chloroperoxidase is believed to involve the generation of FeIV=O 
porphyrin π-cation radical species,18 referred to as Compound I 
(Cpd I), followed by the oxidation of halides to produce an 
enzyme-bound haem-FeIII-OX intermediate (where X is a 
halide).19-21 This intermediate can either react directly with the 
substrate or generate free hypohalous acid (HOX or OX–).19-21 
However, how the intermediate or the free hypohalous acid 
reacts selectively with substrates remains a topic of debate.

Synthetic metalloporphyrin compounds have been widely 
used in model studies for haem enzymes in order to gain 
insights into the details of the enzymatic reaction mechanisms. 
For example, Fujii et al. attempted to mimic the chlorination 
reactivity of chloroperoxidase using meso-substituted iron 
porphyrin complexes.22,23 Although a FeIV(O)(TPFPP+•)(NO)3 
(TPFPP = 5,10,15,20-tetrakis(pentafluorophenyl) porphinato 
dianion) complex was able to oxidize Cl to form a chloride 
radical and FeIV-oxo species, only one-electron oxidation of 
chloride occurred rather than the expected two-electron 
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oxidation of organic compounds.22 Complexes bearing more 
electron-donating meso substituents were later screened, and 
none were found to form the desired iron hypochlorite.23b 
Pursuant to this, several Fe–OCl bearing porphyrins was 
synthesized directly by ligand exchange of the Fe(OH) moiety 
with tetrabutylammonium hypochlorite (TBAOCl). Only 
(TPFPP)Fe–OCl showed an ability to chlorinate substrates like 
1,3,5-trimethoxy-benzene.23b Additionally, the Fe–OCl 
compound was observed to undergo heterolytic O–Cl bond 
cleavage to form Cpd I, an FeIVO species with a porphyrin π-
cation radical, and Cl. However, the reaction mechanism of Cpd 
I reacting with chloride remains unclear.23

As for the manganese case, manganese porphyrins have 
shown to be effective in selectively chlorinating aliphatic C–H 
bonds with tetrabutylammonium chloride and NaOCl as 
halogenating agents.24,25 The MnIII porphyrin complex can also 
catalyse the oxyfluorination of alkanes by iodosylbenzene in the 
presence of F.26 It is believed that MnV-dioxo may be the 
reactive species involved in these halogenation reactions, 
although evidence to support this mechanism is limited.25,26 
However, there has been no report of selective aromatic 
halogenation using a Mn porphyrin system. In non-haem 
systems, MnIV-oxo-Sc3+ has been studied for its ability to 
selectively brominate benzene derivatives through a rate-
limiting electron transfer pathway.27 Nevertheless, due to 
limitations in oxidation potential, bromination can occur only 
on electron-rich benzene derivatives, making the selective 
halogenation of toluene or benzene challenging to achieve.27 

Recently, a Mn version of Cpd I was synthesized and 
characterized as most likely being a [MnIV(OH)(TDCPP+•)(OTf)]+ 
species (TDCPP = meso-tetrakis(2,6-dichlorophenyl)porphinato 
dianion), with an extra hydrogen bonding of OTf– to the OH 
moiety.28 It showed reactivity in C–H bond activation, 
sulfoxidation, and water oxidation. In the current study, we 
demonstrate that this Mn-Cpd I species chlorinates aromatic 
rings selectively, mimicking the behaviour of chloroperoxidase 
and further improving our understanding of the 
chloroperoxidase reactivity. A combined experimental and 
theoretical study for the mechanism of the chlorination of 
aromatic compounds by the Mn-Cpd I intermediate is discussed 
in this work. Additionally, we have compared the reactions of 
Mn-Cpd I, MnIV(O), and MnIII-OIAr (ArIO = iodosylarene) species 
with aromatic compounds (Scheme 1).

Results and discussion
Aromatic chlorination of 3/Cl–. The Mn porphyrin 

intermediates were prepared according to the literature 
procedures.28-30 The names 1/Cl–, 2/Cl–, and 3/Cl– (see Scheme 
1 for the chemical structures) referred to below signify 
intermediates generated with the starting compound 
containing Cl–, [MnIII(TDCPP)(Cl)]. Later, intermediates 3/Br– 
and 3/OTf– were also generated using [MnIII(TDCPP)(Br)] and 
[MnIII(TDCPP)(OTf)] as starting compounds. 

Typically, the [MnIII(sPhIO)(TDCPP)] species (1/Cl–, sPhIO = 1-
(tert-butylsulfonyl)-2-iodosylbenzene) was prepared by adding 
5 equiv. sPhIO to a solution of [MnIII(TDCPP)(Cl)] in CH2Cl2 at –60 
oC.29 The temperature was then increased to 10 oC, leading to 
O–I bond cleavage and the formation of [MnIV(O)(TDCPP)] 
(2/Cl).30 When adding 10 equiv HOTf to the solution of 2/Cl, 
the colour changed directly from yellow to green, indicating the 
formation of [MnIV(OH)(TDCPP+)(OTf)]+ (3/Cl).28 The UV-vis 
comparison of 1/Cl, 2/Cl, and 3/Cl is shown in Fig. S1 in 
Supplementary Information (SI). 

1/Cl, 2/Cl, and 3/Cl have been reported as strong oxidants 
that can activate the C–H bonds of hydrocarbons.28-30 At first, 
toluene was selected as the substrate probe. The reaction of 
1/Cl with toluene at –60 C afforded benzaldehyde (~50% 
yield), whereas the reaction of 2/Cl with toluene in CH2Cl2 at –
10 oC yielded benzyl chloride (~45%; Scheme 1 and Fig. S2). The 
product analysis indicated that the reactions of 1/Cl and 2/Cl 
occurred at the C(sp3)–H site, which was the same C–H bond 
activation site depicted in previous studies.29,30 Addition of 
toluene to a solution containing 3/Cl at –10 oC led to clean 
spectral changes with isosbestic points (Fig. 1). The organic 
product was analysed by GC-MS, revealing that 2-Cl-toluene 
and 4-Cl-toluene were formed (Scheme 1 and Fig. S2). 
Interestingly, this indicates that the reaction of 3/Cl with 
toluene took place at the aromatic ring, showing a preference 
towards a C(sp2)–H site over a C(sp3)–H site. 

To verify the aromatic halogenation reaction by 3/Cl, we 
used naphthalene as the substrate. Upon addition of 
naphthalene to a solution containing 3/Cl– in CH2Cl2, occurrence 
of a fast reaction was observed and confirmed by the UV-vis 
spectral change (Fig. S3). The appearance of an absorption band 

Scheme 1 Reactions of Mn-porphyrin intermediates with aromatic compounds. 
Fig. 1 UV-vis spectral change observed in the reaction of 3/Cl– (0.10 mM, red line) 
and toluene (0.40 M) in CH2Cl2/CH3CN (v/v 20:1) at –10 oC. Inset shows the time 
trace monitored at 478 nm. 3/Cl– (0.10 mM, red line) was generated in situ by the 
reaction of [MnIII(TDCPP)(Cl)] with PhIO (5 equiv.) and HOTf (10 equiv.).
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at 478 nm due to the formation of [MnIII(TDCPP)]+ was 
confirmed by EPR and ESI-MS (Fig. S4). The product in the 
oxidation of naphthalene was determined to be 1-Cl-
naphthalene (~95% yield) (Table 1). The reaction with benzene 
was also confirmed to give ~40% chlorobenzene as the product 
(Figs. S3b and S5). Thus, this once again shows that the C(sp2)–
H halogenation in the aromatic ring is the preferred reaction by 
3/Cl–.

Halogen source in the aromatic halogenation by 3. In order 
to pinpoint the source of chlorine in the product, the CH2Cl2 
solvent was changed to CH2Br2. Analysis of the reaction solution 
of 3/Cl– and naphthalene in CH2Br2 revealed that the chlorinated 
product was found to be ~77% as the major product and only 
~15% of the brominated product was observed (Table 1). The 
reaction of 3/Cl with toluene was also carried out in CH2Br2, 
affording the chlorinated product as the major component (Fig. 
S2a). This is distinct from the reaction of 2/Cl with toluene, in 
which only benzyl bromide was produced when the solvent was 
changed to CH2Br2 (Fig. S2b). The reaction of 3/Cl with 
naphthalene was then performed in CH3CN and ~90% 1-Cl-
naphthalene was obtained as the sole product (Table 1). 
Therefore, it is strongly implied that the halogenating chlorine 
mainly comes from the Cl axial ligand of the starting 
compound.

To further validate this observation, [MnIII(TDCPP)(Br)] and 
[MnIII(TDCPP)(OTf)] were synthesized according to the 
literature procedures.31 A comparison of the UV-vis spectra of 
[Mn(TDCPP)(Cl)], [Mn(TDCPP)(Br)], and [Mn(TDCPP)(OTf)] is 
shown in Fig. S6. It is worth noting that the UV-vis spectra of 3 
with different counter anions from the starting materials are 
identical to each other. Based on the published EXAFS data,28 3 
is six-coordinate and Cl is ruled out as the axial ligand. Density 
functional theory (DFT) calculations at that time found that a 
[MnIV(OH)(TDCPP+•)(OTf)]+ species with an additional OTf– 

hydrogen bonding to the OH moiety fitted best with the 
experimental results, leading us to designate 3 as such a 
species.
We also used 3/Br– as a catalyst, and the results were very 
similar to those of 3/Cl–. When the reaction was conducted in 
CH2Br2, the product was the brominated one. Even when the 
solvent was changed to CH2Cl2, the brominated products still 
accounted for the majority (Table 1 and Figs. S2a and S5). We 
also studied the reactions of 3/OTf– with various substrates. In 
the reaction of 3/OTf– with naphthalene in CH2Cl2, only a small 
amount of halogenated products (30(3)%) was detected, but a 
non-negligible amount of 1,1'-binaphthyl (15(1)%) was also 
produced (Table 1). When the reaction was performed in 
CH3CN, which cannot be a source of halogen, ~42% of 1,1’-
binaphthyl (based on the amount of 3/OTf–) was detected as the 
sole product (Table 1 and Fig. 2). The formation of 1,1’-
binaphthyl is presumably a result of dimerization of two 
naphthalene radicals each created by 3/OTf–, but the exact 
reaction mechanism has yet to be elucidated. The reaction of 
3/OTf– with toluene in CH3CN resulted in the formation of 
benzaldehyde instead, and neither halogenated nor dimer 
products were detected (Fig. 2). No products were detected in 
the reaction solution when benzene was used as the substrate 
under the same reaction conditions (Fig. 2). 

Taking all the results into consideration, we found that the 
halogen source may come from both the solvent and the 
starting materials, although the major source is the starting 
counter anion. In the absence of a halogen source, the reaction 
of naphthalene leads to dehydrogenation (and/or 
dimerization), while the reactive site shifts from C(sp2) to C(sp3) 
with toluene, and no reaction occurs with benzene. These 
results suggest that the presence of Cl– or Br– assists in the 
activation of the aromatic ring. 

DFT calculations. In order to map the exact detailed reaction 
mechanism, DFT calculations have been performed on the 
reaction (Tables S1–S24). At the exploratory phase, a simple 
porphine with OTf– as an axial ligand was used as a model of 3 
(Fig. S7), as this structure has been previously studied and found 
to fit the experimental results.28 Some results with Cl– axial 
ligand are also included in Tables S1–S3, and by large, they do 
not change the conclusions drawn here. The electronic 

Table 1 Products formed in the oxidation of naphthalene by 3/X– in different solventsa 

X– solvent
product (%)

1-Cl-naphthalene 1-Br-naphthalene 1,1’-binaphthyl

Cl– CH2Cl2 95(7) n.d.b n.d.b

Cl– CH2Br2 77(5) 15(2) n.d.b

Cl– CH3CN 90(8) n.d.b n.d.b

Br– CH2Br2 n.d.b 88(7) n.d.b

Br– CH2Cl2 35(2) 57(3) n.d.b

OTf– CH2Cl2 30(3) n.d.b 15(1)

OTf– CH3CN n.d.b n.d.b 45(3)

a Reactions of 3/X– (1.0 mM) with naphthalene (20 mM) were carried out in 
different solvents at –10 C. Yields were determined based on the amount of 3/X– 
used. b Not detected. 

Cl Br

+ +
C1

C2

solvent, -10°C

3/X

Fig. 2 Products with yield in the reaction of 3/OTf– (1.0 mM) with naphthalene (10 mM), 
toluene (200 mM), and benzene (400 mM) in CH3CN at –10 C. 3/OTf– was generated by 
using [MnIII(TDCPP)(OTf)] (1.0 mM) with PhIO (5 equiv.) and HOTf (10 equiv.) at –10 C. 
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configuration is energetically degenerate between S = 1 (MnIVO 
porphine -radical) and S = 2 (MnIVO porphine -radical),28 as 
the porphine radical has a weak interaction only with the rest 
of the system. For the reaction itself, however, the S = 2 state 
consistently showed lower energy barriers, and this is therefore 
the state we present in this text (for S = 1, see Tables S4–S6). 

Looking at the interaction between 3 and the substrate 
naphthalene, the complexation between naphthalene and 3 
yields a reactant complex that is largely devoid of any 
interactions; thus, the interaction energy is very minor (even 
repulsive) by up to 0.8 kcal mol–1 (Table S7). We found, 
however, two different solutions to the wave function. While 
the energetically lowest complex did not generate any radical 
on the naphthalene, a second solution, which was 1.1 kcal mol–1 

higher in energy (Table S7), showed the substrate naphthalene 
developing a partial radical upon complexation (0.27 in spin; 
Table S8). Hence, it hints at a tendency where an electron could 
be transferred from the substrate to 3 at right conditions. Doing 
a C–H abstraction from the C1 carbon of naphthalene to form 
MnIII–aqua and naphthalene radical indicated that the barrier 
was at 37.0 kcal mol–1, at a late Mn(HO)–HC transition state 
distance of 1.12 Å (Table S9). Thus, this did not seem to be a 
feasible pathway. However, a nucleophilic interaction 
(hydroxylation) where MnOH attacks the C1 and C2 carbon 
directly resulted in 11.2 and 13.1 kcal mol–1 in lowest barrier, 
respectively; each transfer can also occur with initial α- or -
electron transfer, with different barriers (see Table S7; 
presumably these barriers are larger with a full model, vide 
infra). This indicates that an initial naphthalene hydroxylation 
would be possible. This would seem to be in agreement with KIE 
studies (KIE = 0.8, vide infra), and it may be the path to the 
dimerization of the substrate when halide is not available (vide 

supra). However, these pathways would actually not be 
competitive with other pathways found in presence of halide 
(vide infra). 

As we know that the substrate is to be chlorinated in this 
reaction, we added a free chloride anion to the model in the 
vicinity near the substrate. Surprisingly, there is an immediate 
electron transfer, reducing the porphine radical on 3 to form a 
[MnIV(OH)(Por)(OTf)] species (denoted as 2OH-OTf), which 
would be equivalent to a manganese Compound II model. 
According to the Mulliken spin densities, the source of the 
reducing electron is both the Cl– ion and the substrate, 
contributing about half an electron each (Table S5). Indeed, the 
interaction energy between Cl– and the rest of this reactant 
complex (RC) is 12.5 kcal mol–1 (Table S4). This indicates that the 
presence of the chloride anion plays a key role in facilitating an 
electron transfer from the substrate to 3. This in turn indicates 
that the halogenation-enabling species is in fact the 2OH-OTf 
species, acting on one electron-deficient naphthalene-chloride 
complex. To give a context, we have calculated the ionization 
energy of naphthalene to be 143.0 kcal mol–1 and 141.4 kcal 
mol–1, respectively (Table S25). In contrast, the electron affinity 
of 3 is calculated to be at 134.3 kcal mol–1 (Table S25). Thus, 
under these conditions, an electron transfer from either 
naphthalene or chloride would be an endothermic reaction by 
8.7 kcal mol–1 and 7.1 kcal mol–1, respectively. However, 
naphthalene and chloride having such close ionization energies 
hint to the possibility of a resonance structure when complexed 
together. Indeed, the ionization energy in a complexed model 
containing both the molecules is 1121.6 kcal mol–1, and an 
electron transfer to 3 would now be exothermic (12.7 kcal mol-
1). We propose that this electron transfer is the rate-limiting 
step, based on experiments, the Marcus theory of electron 
transfer, and further DFT calculations (vide infra). If true, then 
the issue of nucleophilic or electrophilic reaction in the ensuing 
steps would be immaterial, as those non-rate-limiting reaction 
steps do not affect the KIE value.

In the course of our investigation, we indeed found two 
theoretically feasible reaction pathways to obtain our 
halogenated product, one electrophilic pathway (hydrogen 
atom transfer) and one nucleophilic pathway (Fig. 3). The 
simplest possible pathway, and therefore also the most likely 
pathway, is the electrophilic pathway. 2OH-OTf abstracts a 
hydrogen atom from the C1 position of naphthalene, creating a 
MnIII–aqua species (denoted as 1H2O-OTf). This results in a very 
reactive substrate that will bind the nearby Cl half-radical 
concertedly to C1. The barrier value of this reaction depends 
slightly on which calculation model is used. The exploratory 
model with porphine puts the energy barrier at 7.1 kcal mol–1 
(Table S4). A larger model, using the full TDCPP structure as 
ligand and with an extra hydrogen bonded OTf– (which is the 
most realistic model tried in this study), puts the barrier value 
at 9.2 kcal mol–1 (Table S10). This electrophilic reaction is 
calculated to be 54.2 kcal mol–1 (larger model: 56.5 kcal mol–1) 
exothermic. In contrast, a hydrogen atom abstraction from the 
C2 position results in a barrier of 29.1 kcal mol–1 (larger model). 
While the energies are slightly different between the simple and 
larger model (vide infra), the Mulliken spin densities and the 

Fig. 3 The DFT calculated energetics of the C1 electrophilic pathway (black, solid) and 
the nucleophilic C2 hydroxylation pathway (red, dashed) in the reaction of 
[MnIV(OH)(TDCPP+•)(OTf)]+ (3) with naphthalene. The difference in the energies 
between the separated reactants SR (centre, grey) and the reactant complexes RC(n) 
or RC(e) is the complexation energy of 3 (with additional OTf–, which is hydrogen 
bonded to MnOH) and Cl– and naphthalene. Energies are results of B3LYP/Def2-
TZVPP//Def2-SVP calculations on a large model of 3 with TDCPP as ligand and the 
additional OTf– present (Table S10). SR = separated reactants, RC = reactant complex, 
TS = transition state, PC = product complex; (n) and (e) denote the nucleophilic and 
electrophilic reactions, respectively. 
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geometries are comparable (Tables S11 and S12, compared 
with Tables S4 and S5). We have also calculated this reaction 
with a Mn-oxo species, [MnIVO(Por+•)(OTf)] (Tables S13–S15); 
however, the barrier seems to be slightly higher on this route 
(13.9 kcal mol–1) and deprotonation of 3 before catalysis seems 
therefore to be unnecessary.

The second possible pathway involves 2OH-OTf attacking 
the C1 or C2 position of naphthalene in a nucleophilic reaction. 
These steps have very small barriers of 7.1 and 4.4 kcal mol–1, 
respectively (larger models: 12.8 and 9.8 kcal mol–1, 
respectively) and is fully competitive with the activation barriers 
of the above-described electrophilic reaction. Thus, the 
conclusion from theory is that there could be a competition 
between the electrophilic and nucleophilic pathways. Thus, 
theory alone cannot distinguish which one is the preferred 
(initial) pathway. However, despite our best efforts, we could 
not find a viable pathway after the initial nucleophilic step that 
was leading to the experimentally detected products. 

At this point, the differences between the calculation model 
sizes warrant an explanation. The important lowest 
electrophilic and nucleophilic barriers in the porphine model 
(7.1 and 4.4 kcal mol–1, respectively) does not change much 
upon replacing porphine with TDCPP (7.2 and 4.6 kcal mol–1, 
respectively, Table S19). However, when adding an OTf– to 
hydrogen-bond to the MnOH moiety, the barriers become 9.2 
and 9.8 kcal mol–1, respectively (Table S10). While the increase 
for the electrophilic reaction is moderate (2.0 kcal mol–1), it 
affects the nucleophilic barrier noticeably more (5.2 kcal mol–1). 
This can probably be attributed to the larger repulsion between 
OTf– and the substrate, which are closer to each other in the 
nucleophilic reaction than in the electrophilic one. Thus, we can 
see that the presence of a hydrogen bond to the MnOH moiety 
can affect the reaction selectivity of the catalyst through steric 
repulsion.    

While the KIE results would seemingly not support an 
electrophilic pathway (vide infra), we also have the kinetic 
information from the experiments. The k2 value of 3/Cl with 
naphthalene at –10 C, which is 2.0(2) M–1 s–1 (Fig. S8a and Table 
S29; vide infra), corresponds to the activation free energy of 
15.3 kcal mol–1 in barrier, which is obtained from the Eyring 
equation. This indicates that both the electrophilic and 

nucleophilic pathways seem to have too low calculated barriers 
to be compatible with experiments. However, these facts can 
be made compatible if we assume that the rate-limiting step is 
in fact the first electron transfer step from the substrate–Cl 
complex to 3, with an activation barrier higher than the 
calculated electrophilic and nucleophilic steps in Fig. 3. To show 
this, we have done a kinetics study involving electron transfer 
and Marcus theory (vide infra). If so, then the ensuing C–H 
activation step would not generate a KIE as it is not rate-limiting, 
and the reaction can go on along the simpler electrophilic 
pathway. Even though the nucleophilic pathway is theoretically 
plausible at the initial step, the necessary involvement of 
further steps to reach the products (when there is a simple 
electrophilic one-step reaction) makes it a less likely pathway. 

Kinetics study. Kinetics data were collected to support the 
above-described aromatic halogenation mechanism. The first-
order rate constants, determined by the first-order fitting for 
the decay of 3/Cl, increased linearly with increasing substrate 
concentration in CH2Cl2 (Fig. S8). The k2 value of the reaction of 
3/Cl with naphthalene was determined to be 2.0(2) M–1 s–1 in 
CH2Cl2 at 10 C and an inverse KIE of 0.8 was obtained (Fig. 
S8a). The inverse KIE in this case clearly shows that the 
electrophilic hydrogen abstraction is not the rate-determining 
step, but that the hybridization change from sp2 to sp3 of the 
carbon atom of naphthalene radical cation undergoing 
nucleophilic attack by Cl– is involved in the rate-determining 
step.32 This should be compatible with the theoretical results 
above, where there is an initial electron transfer from the 
chloride and substrate system and a loose association between 
those components as a result. The k2 values of the reaction of 3 
with toluene and benzene were determined to be 2.5(2)  10–2 
M–1 s–1 and 4.7(4)  10–3 M–1 s–1, respectively (Fig. S9 and Table 
S29). Benzene derivatives and 1-X-naphthalene were also 
studied, as well as naphthalene with 3/Br– and 3/OTf–, and the 
k2 values are summarized in Table S29 and Figs. S8–S11. 

The rate constants of the reactions of 3/Cl with different 
substrates are then evaluated in light of the Marcus theory of 
outer-sphere electron transfer using eqn (1),

ket = Zexp[(/4)(1+ΔGet/)2/(kBT)] (1)

in which Z is the frequency factor (normally, 1011 M–1 s–1) that 
corresponds to kBTK/h (kB is the Boltzmann constant, T is the 
absolute temperature, K is the formation constant of the 
precursor complex, and h is the Plank constant), ΔGet is the free 
energy change of the electron transfer from substrate to 3/Cl, 
and  is the reorganization energy of the electron transfer.33 
The driving force of the electron transfer (ΔGet) is given by eqn 
(2),

ΔGet = –e(Eox  Ered) (2)

where e is the elementary charge, Eox is the one-electron 
oxidation potential of substrates, and Ered is the one-electron 
reduction potential of 3/Cl, which was determined to be 1.54 ± 
0.01 V vs. SCE from the cyclic voltammetry (Fig. S12). The Eox 
values of the substrates were determined by the second-
harmonic alternating current voltammetry (SHACV) (Figs. S13–
S16). As shown in Fig. 4, the logarithm of the rate constants (k2) 

Fig. 4 Plot of log k2 for the oxidation of different substrates [(1) 1-Me-naphthalene, (2) 
naphthalene, (3) 1-Br-naphthalene; (4) 1-NO2-naphthalene; (5) anisole; (6) toluene; (7) 
benzene] vs. the driving force of electron transfer [–ΔGet; eqn (2)] by 3/Cl in CH2Cl2 at –
10 C.
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of 1-Me-naphthalene, naphthalene, and 1-Br-naphthalene all 
agrees well with the ket values evaluated by eqn (1) with a 
reorganization energy of  = 1.69 V. The reorganization energy 
(l = 1.69 eV) for electron transfer from electron donors to 3/Cl–

, which is ligand-centred electron transfer, is significantly 
smaller than that of metal-centred electron transfer from 
electron donors to a Mn(IV)-oxo complex (l = 2.16 eV).34d For 
the benzene derivatives, anisole also fits well into this series. 
However, 1-NO2-naphthalene, toluene and benzene, having 
much higher oxidation potentials, are out of the line. The  = 
1.28 eV for thioanisole derivatives was obtained at –40 C, 
whereas  = 1.57 eV for styrene derivatives was obtained at –
10 C for comparison (Fig. S17 and Tables S30 and S31). These 
results indicate that the reactions of 3/Cl with substrates 
undergo outer-sphere electron transfer from substrates to 3/Cl 
when Get is < 0.4 eV. When Get is > 0.4 eV, the reactions of 
3/Cl with substrates undergo an inner-sphere electron transfer 
from substrates to 3/Cl. However, the inverse KIE (Fig. S8a) 
suggests that nucleophilic attack of Cl– to naphthalene radical 
cation is also involved in the rate- determining step. In such a 
case, electron transfer is somewhat coupled with the 
subsequent nucleophilic reaction, although the activation 
barrier is largely determined by the outer-sphere electron-
transfer step. The boundary between the outer-sphere electron 
transfer and inner-sphere electron transfer (Get ≈ 0.4 eV) is the 
same as the case of oxygen atom transfer and hydrogen atom 
transfer reactions of FeV-oxo, FeIV-oxo, and MnIV-oxo complexes 
in the presence of acids via outer-sphere electron transfer vs. 
inter-sphere electron transfer from substrates.34

Mechanism of the aromatic halogenation by 3. In the 
absence of a halogen source, naphthalene gives a dimer as the 
product. Combined with the fact that the Eox of naphthalene is 
determined to be 1.75 V vs. SCE, which is only 0.21 V higher than 
the Ered of 3, and the good fitting in the Marcus plot, an outer-
sphere electron transfer from naphthalene to 3 seems to be 
possible. Especially, the electron transfer should be facilitated 

in the presence of electron rich anions such as Cl– or Br–. We 
therefore propose that as a first step of the reaction 
mechanism, this electron transfer occurs concertedly from the 
halide and substrate to 3, and this result is supported by the DFT 
calculations. Thus, the actual reacting species after this electron 
transfer stage is [naphthalene + Cl] and [MnIV(OH)(TDCPP)]+. 
Hydrogen abstraction then occurs to form the chlorinated 
naphthalene and MnIII(TDCPP) (Scheme 2). In the absence of Cl, 
the electron transfer may happen after hydroxylation of the 
substrate at C1 or C2 position by 3, as it forms a naphthalene–
OH cation with low activation barrier, according to our DFT 
calculations (Tables S7). We speculate that this may lead to 
substrate–substrate dimerization (concomitant with water 
formation) to form the final product di-naphthalene; however, 
we have so far not been able to find a viable theoretical 
pathway for this.

Conclusions
In summary, a high-valent Manganese-Compound I complex 
{[MnIV(OH)(TDCPP)(OTf)]+} displays a high reactivity in 
aromatic halogenation. This occurs without any observed direct 
oxidation of Cl leading to Mn–OCl formation or HOCl release. 
Product analysis indicates that the halogen source mainly 
comes from the counter anion of the starting Mn porphyrins. 
The kinetics data reveal a significant contribution of electron 
transfer in the rate-limiting step, leading to the proposal of a 
new reaction mechanism in which the electron transfer occurs 
in a concerted manner from both Cl and substrate to Mn–Cpd 
I. Moreover, this system exhibits similarities in C–H bond 
hydroxylation, O2 formation, and aromatic halogenation, as well 
as dehydrogenation properties to chloroperoxidase. Overall, 
this study provides valuable insights into understanding of the 
mechanism of aromatic halogenation, and we expect to gain 
more knowledge about this system in the future.

Experimental section
Materials. All organic chemicals, obtained from Aldrich 
Chemical Co. and Tokyo Chemical Industry, were the maximum 
purity available and used without further purification unless 
otherwise indicated. Solvents were dried according to the 
published procedures and redistilled under argon atmosphere 
before use.35 1-(tert-butylsulfonyl)-2-iodosylbenzene (sPhIO) 
was synthesized by literature procedure.36 [MnIII(TDCPP)(Cl)] 
was purchased from Frontier Scientific Inc. [MnIII(TDCPP)(Br)], 
[MnIII(TDCPP)(OTf)] were synthesized by following the literature 
procedure.28

Instrumentation. UV-vis spectra were recorded on a Hewlett 
Packard 8453 diode array spectrophotometer equipped with an 
UNISOKU cryostat system (USP-203; UNISOKU, Japan) for low-
temperature experiments or on a UNISOKU RSP-601 stopped-
flow spectrometer equipped with a MOS-type highly sensitive 
photodiode array. Electrospray ionization mass (ESI-MS) spectra 
were collected on a LCQ Fleet Ion Trap Mass Spectrometer 
(Thermo Fisher Scientific, Waltham, MA USA), by infusing 

Scheme 2 Proposed halogenation pathway of naphthalene substrate. At the 
intermediate stage in this reaction, the Mn catalyst abstracts approximately half an 
electron from the substrate and the other half from the chloride.
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samples directly into the source using a sample syringe. The 
spray voltage was set at 4.2 kV and the capillary temperature at 
120 C. X-band electron paramagnetic resonance (EPR)37a 
spectra were taken at 5 K using a X-band Bruker EMX-plus 
spectrometer equipped with a dual mode cavity (ER 4116DM). 
Low temperatures were achieved and controlled with an Oxford 
Instruments ESR900 liquid He quartz cryostat with an Oxford 
Instruments ITC503 temperature and gas flow controller. The 
experimental parameters for EPR measurements were as 
follows: microwave frequency = 9.647 GHz, microwave power = 
1.0 mW, modulation amplitude = 10 G, gain = 1 × 104, 
modulation frequency = 100 kHz, time constant = 40.96 ms and 
conversion time = 81.00 ms. Product analysis was performed 
with Thermo Finnigan (Austin, Texas, USA) FOCUS DSQ (dual 
stage quadrupole) mass spectrometer interfaced with Finnigan 
FOCUS gas chromatograph (GC-MS). 

Generation of Mn-porphyrin intermediates. 
[MnIII(sPhIO)(TDCPP)]+ (1/Cl–) was generated by reacting 
[MnIII(TDCPP)(Cl)] with 1-(tert-butylsulfonyl)-2-iodosylbenzene 
(sPhIO, 5 equiv) in CH2Cl2 at –60 C.29 The reaction solution was 
kept at –60 C for further reactivity studies. MnIV-oxo porphyrin 
complex, [MnIV(O)(TDCPP)] (2/Cl–), was generated according to 
literature procedures. 2/Cl– was generated within 1 min by 
reacting [MnIII(TDCPP)(Cl)] with 1-(tert-butylsulfonyl)-2-
iodosylbenzene (sPhIO, 5 equiv) in CH2Cl2 at –10 C.30 MnIV-
hydroxo porphyrin -cation radical complex, 
[MnIV(OH)(TDCPP)(OTf)]+ (3/Cl–), was generated by adding 
triflic acid (CF3SO3H (HOTf); 10 equiv. in 25 L of CH3CN) to the 
solution of [MnIV(O)(TDCPP)] at –10C.31 Formation of 
[MnIV(OH)(TDCPP)(OTf)]+ (3/Cl–) was confirmed by monitoring 
UV-vis spectral changes for the formation of absorption bands 
at 390 nm and 674 nm due to 3/Cl–, accompanied by the decay 
of absorption bands at 420 nm and 522 nm due to 2/Cl–.

Preparation of [MnIII(TDCPP)(Br)]. In a 100 mL round-bottom 
flask equipped with a stir bar was placed TDCPP (973 mg, 1 
mmol) and Mn(C2H3O2)24H2O (865 mg, 5 mmol). 
Dimethylformamide (50 mL) was added to the flask and the 
reaction mixture was heated at 153 C under air until UV-vis 
shows no free TDCPP left. The mixture was cooled too room 
temperature and 10 mL HBr (48% aqueous) was added to the 
mixture. The precipitate was filtered and washed by de-ionized 
water until filtrate is almost colourless. The product was dried 
overnight under reduced pressure prior to use. 1.025 g of dark 
red solid product was obtained (96% yield). The UV-vis 
spectrum was consistent with previous report.31 

Preparation of [MnIII(TDCPP)(OTf)]. [MnIII(TDCPP)(OTf)] was 
generated by adding 2.2 mg AgOTf to a solution of 
[MnIII(TDCPP)(Cl)] in CH3CN and stirred for 5h until the UV-vis 
spectra doesn’t change and no precipitates happen. The result 
solution was filtered, and the result solution was dried and 
recrystallized to obtain the final product.31

Kinetic measurements. Kinetic measurements were performed 
on Hewlett Packard 8435 photodiode-array spectrophotometer 
at 10 C for C–H bond activation and water oxidation 
reactions. Reactions were run in a 1.0 mm UV cuvette and 
followed by monitoring UV-vis spectral changes of reaction 

solutions. Rate constants were determined under pseudo-first-
order conditions (e.g., [substrate]/[Mn intermediate] > 10) by 
fitting the changes in absorbance at 478 nm due to the MnIII 
species formed. Naphthalene and benzene derivatives were 
used in the aromatic halogenation reactions. Sulfoxidation 
reactions were performed under the second-order kinetic 
condition, in which the concentrations of Mn intermediate and 
substrate are same, and the k2 value was obtained by the 
second-order plots in CH2Cl2/CH3CN (v/v 20:1) at 40 C. 
Thioanisole derivatives, such as para-X-thioanisoles (X = H, CN, 
CHO and NO2), have been employed for the oxygen atom 
transfer reactions. All reactions were run at least in triplicate, 
and the data reported represent the average of these reactions.

Product analysis. Organic product analysis was performed by 
GC, GC-MS and NMR37b spectroscopic measurements. For 
example, the reaction solution was filtered through a basic silica 
gel plug, and then an internal standard (decane) was added into 
the reaction solution, followed by analysing the resulting 
solution with GC and GC-MS. Products were identified by 
comparing with authentic samples. Product yields were 
determined by comparing peak areas of the reaction solutions 
with that of decane as an internal standard. The product yields 
were calculated based on the concentration of the Mn 
intermediates.

Electrochemical measurements. Electrochemical 
measurements were performed on a CH Instruments (CHI630B) 
electrochemical analyser (CH Instruments, Inc.) under Ar 
atmosphere in deaerated CH3CN containing 0.10 M Bu4NPF6 
(TBAPF6) as a supporting electrolyte. A conventional three-
electrode cell was used with a platinum working electrode 
(surface area of 0.30 mm2), a platinum wire as a counter 
electrode, and an Ag/Ag+ electrode as a reference electrode. 
The measured potentials were recorded with respect to an 
Ag/Ag+ (0.010 M) reference electrode. All potentials (vs. Ag/Ag+) 
were converted to values vs. SCE by adding 0.29 V. One-electron 
oxidation potentials of substrates were determined by second-
harmonic alternating current voltammetry (SHACV) techniques 
at 25 C. The one-electron oxidation potential of 
[MnIV(O)(TDCPP)] and one-electron reduction potential of 
[MnIV(OH)(TDCPP+)(OTf)]+ was determined by cyclic 
voltammetry at –40 C.

Density functional theory calculations. Density functional 
theory38 calculations were carried out using the Gaussian 16 
software.39 Geometry optimizations and frequency calculations 
were performed with unrestricted B3LYP functional40 using the 
Def2-SVP basis set,41 followed by a single-point calculation with 
the Def2-TZVPP basis set41 to obtain more accurate energy 
values. Frequency calculations on the optimized geometries 
were performed to confirm the nature of the stationary points 
and intrinsic reaction coordinate (IRC) calculations have been 
performed to ensure that the reactants and products really 
connects with the transition states. The conductor-like 
polarizable continuum model (CPCM)42 with UFF cavity, per G16 
default, was used to include the solvent (dichloromethane) 
effects in all the calculations. Gibbs free energies, including 
vibrational energy and entropy at 298K, zero-point vibrational 
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energy, dispersion43 and complexation energy due to change in 
reference state at 298K44 were calculated and are presented in 
SI; however, we usually do not consider this more accurate than 
the electronic energies. This is because we believe that the 
B3LYP parametrization and the CPCM solvent parametrization 
already consider these effects in small models such as our’s,45 
and quite frequently, we see unreasonable energies vis-à-vis 
experiments if using the calculated Gibbs free energy. 
Therefore, the energies discussed in the text is thus the 
electronic energy at the B3LYP/Def2-TZVPP//Def2-SVP level, 
modified by the CPCM solvent scheme only, which in our 
repeated experience gives good agreement with experiments, 
as it does in the current case.
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The data supporting this article have been included as part of the Supplementary Information. 
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