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a b s t r a c t

Non-heme iron halogenases, such as SyrB2 and CytC3, catalyze the regioselective chlorination and bromi-
nation of aliphatic C–H bonds. Reported here is the hydrocarbon chlorination promoted by manganese
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and iron complexes with methylated derivatives of bis(2-pyridylmethyl)-1,2-ethanediamine (bispicen).
The reactions between these coordination compounds and meta-chloroperbenzoic acid generate oxidants
capable of oxidizing weak C–H bonds to C–Cl bonds. This chemistry is regioselective, with a strong pref-
erence for activating C–H bonds on secondary carbons over weaker C–H bonds on tertiary carbons. The
reactivity is consistent with the methyl groups on the ligands preventing more sterically encumbered sub-
strates from accessing the reactive portions of a [MIV(LMen)(O)Cl2] oxidant. The iron compounds promote

natio
–H activation more hydrocarbon chlori

. Introduction

The conversion of chemically inert C–H bonds to more use-
ul functional groups remains a significant challenge in synthetic
hemistry [1–8]. A large amount of effort has been devoted to find-
ng conditions and reagents that (1) halt the oxidation at a product
hat can potentially be further oxidized and (2) activate C–H bonds
ithin a substrate molecule selectively.

The conversion of aliphatic C–H bonds to C–Cl or C–Br bonds
ommonly proceeds through radical processes [9]. The best known
ethod, free radical halogenation, relies on halogen atom radi-

als to oxidize the hydrocarbon substrate. These oxidants are small
nd highly symmetric, and they thereby lack the means to enable
ither regio or stereosymmetric C–H activation at levels suitable for
reparative synthetic chemistry [10–12]. Due to the inherent lack of
electivity and the high reactivity of chlorine and bromine radicals,
ree radical halogenations often yield polyhalogenated compounds
s byproducts unless the substrate is present in excess [13,14]. Iso-
ating desired monohalogenated products from these reactions can
hereby be labor-intensive. An additional problem is that halogen

adicals are capable of multiple modes of reactivity. With allylic
ubstrates, for instance, the radical oxidants can either halogenate
he C–H bonds ˛ to the olefin or add across the olefin to yield dihalo-
enated alkanes [9,15]. Halogenation of aromatic C–H bonds has
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also been observed [16,17]. Alternative halogenation systems have
also displayed a similar lack of chemoselectivity [18–20].

Halogenase enzymes, conversely, chemo- and regioselectively
activate C–H bonds without over-oxidation [21–24]. The active oxi-
dants in the enzymatic cycles are more geometrically complex than
halogen radicals, which enables them both to differentiate their
substrate from other compounds and to distinguish inequivalent
C–H bonds within the same molecule. One class of halogenases con-
tain mononuclear non-heme iron metal centers in their active sites
[21,25–27]. The non-heme iron halogenases are notable for using
O2 as a terminal oxidant and being capable of oxidizing aliphatic
C–H bonds. Haloperoxidases, in contrast, use H2O2 as a terminal
oxidant and typically react with electronically activated C–H bonds
[21,24].

The non-heme iron halogenase SyrB2 has been structurally
characterized in its Fe(II) state (Scheme 1) [27]. The coordination
sphere around the iron ion in the active site includes two histidine
residues, a water molecule, a halide ligand, and �-ketoglutarate
(�KG), which serves as a sacrificial reductant in the enzymatic
cycle. The oxidant that reacts with the hydrocarbon substrate in
the enzymatic cycle is believed to be a ferryl species, Fe(IV)(Cl)(O),
which abstracts a hydrogen atom from the substrate to yield an
organic radical and Fe(III)(Cl)(OH) [25,27,28]. A formal chlorine
atom transfer from the ferric species to the organic radical yields the
organochloride and Fe(II). The ferryl oxidants have recently been

characterized by Mössbauer and X-ray absorption spectroscopies
[28,29] but the ferric species have not been observed.

Reported in this manuscript are the chlorination activities of
two series of metal complexes with bis(2-pyridylmethyl)-1,2-
ethanediamine (L, bispicen) and five methylated derivatives (LMen,

dx.doi.org/10.1016/j.molcata.2010.11.006
http://www.sciencedirect.com/science/journal/13811169
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Scheme 1. Active site of SyrB2.

cheme 2). The N-donor ligands are meant to approximate the
ndogenous coordination provided by the SyrB2 enzyme [27] and
re also electronically similar to ligands that have previously sup-
orted analogous hydrocarbon hydroxylation [30,31]. The bispicen
ramework, while certainly an imperfect reproduction of the enzy-

atic coordination sphere, is attractive due to the ease of its
ynthesis and modification. The methyl groups installed on the
yridines and secondary amines allow us to assess the impact of

igand sterics on the oxidative reactivity of the associated metal
omplexes.

One series contains iron(II) ([Fe(LMen)Cl2]); whereas, the other
ontains manganese(II) ([Mn(LMen)Cl2]). Manganese has previ-
usly substituted for iron in hydrocarbon oxidations with equal or
uperior activity [32–36], but has not been systematically investi-
ated for its ability to chlorinate hydrocarbon C–H bonds. Reaction
f the M(II) compounds with meta-chloroperbenzoic acid (MCPBA)
enerates oxidants that are capable of chlorinating hydrocarbon
ubstrates with weak C–H bonds.

. Experimental

.1. Materials
Acetonitrile (MeCN), iron(II) chloride tetrahydrate
FeCl2•4H2O), and manganese(II) chloride (MnCl2) were bought
rom Sigma–Aldrich and used as received. Anhydrous diethyl

Scheme 2.
talysis A: Chemical 335 (2011) 24–30 25

ether (ether) was purchased from Fisher Scientific, degassed,
and stored over 4 Å molecular sieves. Cyclohexene and chloro-
cyclohexane were purchased from Sigma–Aldrich and stored in
a glovebox free of moisture and oxygen. Toluene, cumene, and
ethylbenzene were bought from Sigma–Aldrich and distilled
prior to use. Meta-chloroperbenzoic acid (MCPBA) was acquired
from Sigma–Aldrich and stored in a refrigerator until needed.
Chloroform-d and acetonitrile-d3 were purchased from Cambridge
Isotopes and used without further purification. The syntheses
of N,N-bis(2-pyridylmethyl)-1,2-ethanediamine (bispicen, L)
[37], N,N′-dimethyl-N,N′-bis(2-pyridylmethyl)-1,2-ethanediamine
(LMe2) [38], N,N′-bis(2-pyridylmethyl)imidazolidine [39], N-
methyl-N,N′-bis(2-pyridylmethyl)-1,2-ethanediamine (LMe1)
[39,40], N,N′-bis(6-methyl-2-pyridylmethyl)-1,2-ethanediamine
(LMe2′) [41] and cis-(N,N-bis(2-pyridylmethyl)-1,2-
ethanediamine)-dichloromanganese(II) ([Mn(L)Cl2]) [42] have
been reported previously by others. We are detailing the syntheses
of the other ligands and metal complexes in another manuscript
that focuses on the conformational flexibility and dynamics of the
bispicen framework [43].

2.2. Instrumentation

All 1H and 13C nuclear magnetic resonance (NMR) spectra were
recorded on a 400 MHz AV Bruker NMR spectrometer at 294 K;
internal standards were used to reference all NMR resonances. Gas
chromatography (GC) was performed on either a ThermoScientific
Trace GC Ultra or a Hewlett Packard 5890 gas chromatograph with
a flame ionization detector (FID). Tanden GC/mass spectrometry
(GC–MS) was performed on either a Hewlett Packard 5890 gas
chromatograph with a Fissons Instruments electrospray mass spec-
trometry detector or an Agilent 6890N gas chromatograph with
a Trio-2000 mass spectrometer. Optical spectroscopy data were
acquired on a Cary 50 spectrophotometer.

2.3. Mass spectrometry

Samples were analyzed using an Ultra Performance LC Sys-
tems (ACQUITY, Waters Corp., Milford, MA, USA) coupled with
a quadrupole time-of-flight mass spectrometer (Q-TOF Premier,
Waters) with electrospray ionization (ESI) in positive ESI-MS and
ESI-MS/MS modes operated by the Masslynx software (V4.1). The
ion source voltages were set at 3 kV, the sampling cone was set at
37 V and the extraction cone was at 3 V. The source and desolvation
temperature was maintained at both 80 ◦C with the desolvation gas
flow at 200 L/h.

Samples containing the metal oxidant generated from
[Fe(LMe2)Cl2] were directly injected into the ESI source at a
flow rate of 100 �L/min with a 50% acetonitrile, 0.1% formic
acid mobile phase. The sample spent 6 s at 12 ◦C before it was
ionized into gas phase. The TOF MS scanning was from 350
to 450 m/z at 1 s with 0.1 s inter-scan delay using extended
dynamic range acquisition with centriod data format. For real
time mass calibration, direct infusion of sodium formate solution
(10% formic acid/0.1 M NaOH/aceonitrile) at a ratio of 1:1:8 at
1 s/10 s to ion source at 2 �L/min was used for a single point mass
calibration.
Ions of interest were analyzed for their elemental composition
using accurate mass (less than 5 ppm error) and isotope model-
ing to identify the formula. Collision-induced dissociation (CID)
by argon on precursor ions resulted in structural fragments that
further assisted the identification.
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.4. Reactivity studies

All oxidation reactions were run in MeCN at 23 ◦C under N2.
or the reactions with cyclohexene, 10 mM of the metal complex,
0 mM of MCPBA, and 400 mM of cyclohexene were mixed at once.
fter stirring for 30 min, the solutions were filtered through a plug
f silica gel to remove the metal complex and analyzed through
C. Products were identified both through GC–MS and by compar-

son of their retention times with those of commercially available
tandards, such as cyclohexene oxide and 3-chlorocyclohexene.
ields were calculated through comparison to an internal stan-
ard, chlorocyclohexane, which was found to be unreactive under
hese conditions. Parallel reactions in MeCN-d3 corroborated the
dentities and ratios of the products.

The reactivity assays with the benzylic substrates proceeded in
n analogous fashion. In the first set of experiments, the starting
oncentrations of MCPBA, the metal complex, and the benzylic sub-
trate were set at 10 mM. In the second set of reactivity assays, the
tarting concentrations of MCPBA and hydrocarbon were 100 mM
nd 400 mM, respectively. The reaction times with the benzylic
ubstrates were extended to 60 min. All reactions were repeated
t least three times to ensure reproducibility; all reported product
ields are the averages of the results of these independent reactions.

. Results

The oxidative reactivities of the manganese and iron complexes
ere investigated, with a focus on their abilities to promote the

hlorination of hydrocarbon substrates. The M(II) complexes are
nstable in the presence of excess chloride, as assessed by optical
pectroscopy. In order to simplify the analysis, the present stud-
es are therefore limited to stoichiometric chlorination, with no
dditional chloride ion present beyond the two equivalents initially
ssociated with the metal complex.

.1. Selection of oxidant

Meta-chloroperbenzoic acid (MCPBA) was selected as the termi-
al oxidant. Hydrogen peroxide, tert-butylhydroperoxide, oxone,
nd iodosobenzene were also investigated but were not found to be
ompetent terminal oxidants for hydrocarbon chlorination by these
etal complexes. Although commercially available peracetic acid
as found to promote hydrocarbon oxidation to a greater extent

han MCPBA, the reactivity was found to be non-discriminate, and
he organic products included many compounds that are not read-
ly identifiable. The reactivity assays with MCPBA, conversely, led
o fewer organic products, all of which were easily identified. In the
bsence of an organic substrate, the LMen ligands undergo oxida-
ive degradation, as indicated by both thin layer chromatography
nd NMR analysis.

.2. Cyclohexene reactivity

The reactivity was initially screened using cyclohexane and
yclohexene as substrates. Cyclohexane was found to be com-
letely inert under the investigated conditions, in contrast to
imilar systems previously reported by Que and Comba [44,45].

hen 400 mM cyclohexene reacts with 10 mM of a [M(LMen)Cl2]
etal complex and 10 mM MCPBA in MeCN, the product mixtures

nclude cyclohexene oxide, 3-cyclohexenol, 3-cyclohexenone, and
-chlorocyclohexene (Table S1). Cyclohexene is a poor substrate for

hese systems in that the oxygenated products form readily from
he reaction of MCPBA with the olefin, even in the absence of metal
ons. Furthermore, oxygenated products continue to form during
he reaction workup, and the yields of these products sometimes
xceed the theoretical maxima based on the amount of MCPBA
Scheme 3.

present. A recent report from Fukuzumi and Nam’s groups found
that cyclohexene could initiate the generation of a ferryl oxo oxi-
dant from Fe(II) species and O2 [46]. A similar reaction involving
the [M(LMen)Cl2] complexes and cyclohexene could explain the
additional oxygenated products in Table S1, given that the reaction
workup was done under air.

Despite these two complications, three observations are noted
from the cyclohexene data. First, 1,2-dichlorocyclohexane is never
found as an oxidation product. Second, iron consistently promotes
chlorination to a greater extent than manganese, at parity of ligand.
Third, the bispicen derivative with methyl groups installed on the
two amines, LMe2, leads to the most chlorinated product for both
iron and manganese, with further methylation reducing the yield
of 3-chlorocyclohexene.

3.3. Reactivity of benzylic substrates

The chlorination chemistry was subsequently investigated with
three substrates containing benzylic C–H bonds: toluene, ethyl-
benzene, and cumene (Scheme 3). In these substrates, the C–H
bonds most thermodynamically susceptible to oxidative attack
are on primary, secondary, and tertiary carbons, respectively. The
different steric environments around the benzylic C–H bonds pro-
vide a means of assessing the regioselectivity of the chlorination
reactions. The bond dissociation energies of the benzylic C–H
bonds are 88 (±1) kcal mol−1 for toluene [47], 85 (±1) kcal mol−1

for ethylbenzene, and 83 (±1) kcal mol−1 for cumene [48]. Based
on these bond dissociation energies, cumene would be antici-
pated to be the most active substrate. Unlike cyclohexene, these
substrates do not react extensively with MCBPA. In the control
experiments, ethylbenzene, and cumene react with MCPBA to form
1-hydroxyethylbenzene and 1-hydroxycumene in less than 10%
yield (Table 1).

The chemistries of the best chlorinating agents in the cyclo-
hexene studies, [Fe(LMe2)Cl2] and FeCl2 were compared to that of
the bulkiest iron complex, [Fe(LMe4)Cl2]. The reactivities of MnCl2,
[Mn(LMe2)Cl2], and [Mn(LMe4)Cl2] were also further explored in
order to corroborate the second observation noted in the cyclohex-
ene reactivity. In the first series of reactivity runs, 10 mM of the
metal complex was mixed with 10 mM of MCPBA and 10 mM of
the benzylic substrate. The only reaction that produces an oxidized
product in more than trace (0.5%) quantities is that between ethyl-
benzene and [Fe(LMe2)Cl2], which produces 1-chloroethylbenzene
in 15% yield (Scheme 4). No oxygenated or polychlorinated ben-
zylic products are observed in any of the reactions using 1 equiv. of
terminal oxidant.

In the second series of reactivity runs, excesses of oxidant and
substrate were used in attempts to increase the yields of the chlo-
rinated products. Although the yields of the chlorinated benzylic
compounds do increase, the reactions become much less selective
with the excess oxidant and generate more oxygenated side-
products. As was observed in the cyclohexene reactivity assays,

FeCl2 is the most active benzylic chlorinating agent when MCPBA is
present in excess (Table 1). The manganese complexes continue to
produce fewer chlorinated organic products than their iron analogs
at parity of the other reaction conditions. Mixtures of MCPBA with
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Table 1
Reactivity of [M(LMen)Cl2]-derived oxidants with benzylic susbstrates.

Substrate Complex Oxygenated products Chlorinated products

Toluene None None None
MnCl2 Benzyl alcohol (0.3 mM)

Benzaldehyde (0.3 mM)
Benzylchloride (0.4 mM)

FeCl2 Benzaldehyde (0.8 mM) Benzylchloride (9.1 mM)
[Mn(LMe2)Cl2] None Benzylchloride (0.7 mM)
[Fe(LMe2)Cl2] Benzaldehyde (0.9 mM) Benzylchloride (2.0 mM)
[Mn(LMe4)Cl2] None None
[Fe(LMe4)Cl2] Benzyl alcohol (0.9 mM)

Benzaldehyde (1.0 mM)
Benzylchloride (2.0 mM)

Ethylbenzene None 1-Hydroxyethylbenzene
(7.7 mM)

None

FeCl2 1-Hydroxyethylbenzene
(6.0 mM)

1-Chloroethylbenzene (17.7 mM)

[Mn(LMe2)Cl2] 1-Hydroxyethylbenzene
(0.4 mM)

1-Chloroethylbenzene (0.2 mM)

[Fe(LMe2)Cl2] 1-Hydroxyethylbenzene
(3.3 mM)

1-Chloroethylbenzene (8.3 mM)

[Mn(LMe4)Cl2] 1-Hydroxyethylbenzene
(0.3 mM)

1-Chloroethylbenzene (0.3 mM)

[Fe(LMe4)Cl2] None 1-Chloroethylbenzene (6.0 mM)
Cumene None 1-Hydroxycumene (5.0 mM) None

FeCl2 1-Hydroxycumene (42.0 mM) 1-Chlorocumene (9.0 mM)
[Mn(LMe2)Cl2] None None
[Fe(LMe2)Cl2] None None
[Mn(LMe4)Cl ] None None

e None

T mM; MCPBA, 100 mM; benzylic substrate, 400 mM. All reactions were run for 60 min at
2
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Fig. 1. Reaction between 0.32 mM [Fe(LMe2)Cl2] and 0.36 mM MCPBA in MeCN at
◦ Me
2

[Fe(LMe4)Cl2] Non

he initial concentrations of reagents are as follows: metal complex (if present), 10
3 ◦C in MeCN under N2.

Fe(LMe2)Cl2] and [Fe(LMe4)Cl2] chlorinate toluene to the same
xtent, although the iron complex with the tetramethylated lig-
nd does tend to promote the formation of more oxygenated
roducts (Table 1). When ethylbenzene is used as a substrate,
he iron compound with the dimethylated ligand leads to more
-chloroethylbenzene than that with the tetramethylated ligand,
eminiscent of what was observed with cyclohexene (Table S1).
he additional methyl groups in [Fe(LMe4)Cl2] appear to hinder the
bility of the oxidant to activate C–H bonds on secondary carbons.
hen cumene is employed as a substrate, only FeCl2 promotes

he formation of any oxidized products above the lower limit of
etection; the oxidants derived from [M(LMen)Cl2] precursors do
ot react with cumene, despite this substrate having the weakest
–H bond in the series.

In each case, the yield of meta-chlorobenzoic acid (MCBA), the
educed form of the terminal oxidant, exceeds the yields of oxidized
enzylic products. In the reaction between FeCl2 and ethylben-
ene, the yield of MCBA is twice that of 1-chloroethylbenzene.
his demonstrates that alternate pathways for MCPBA reduction
re operable. These pathways include ligand oxidation when a
M(LMen)Cl2] complex is present.

.4. Mechanistic analysis
Reactions were performed in the absence of substrate in order
o gain insight into the nature of the active oxidant. The reaction
etween [Fe(LMe2)Cl2] and MCPBA at 23 ◦C generates a short-

ived species, with heighted absorbance in the 550–650 nm region

Scheme
23 C. Four scans shown: (A) [Fe(L 2)Cl2] prior to addition of oxidant, (B) Fe(II)
complex plus MCPBA 5 s after addition, (C) reaction mixture 30 s after addition,
and (D) reaction mixture 60 s after addition. An expanded version of this figure is
available in the supporting information.
(Fig. 1), where optical features associated with Fe(IV) species often
appear [28,49–51]. The absorbance quickly drops, signifying that
the species completely vanishes by 30 s. Parallel studies using
mass spectrometry detect a transient species with a peak m/z
ratio of 412.0538 (Fig. 2); this feature matches that predicted for

4.
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ig. 2. Mass spectrum of [Fe(LMe2)Cl2]/MCPBA reaction mixture at 6 s. Identified spe
t 412.0544. A mass spectrum of the same sample acquired 5 min after the start of

FeIV(LMe2)(O)Cl2]. As with the optical feature in Fig. 1, the intensity
f the 412.0538 feature decreases quickly with time.

. Discussion

The reactivity of the [M(LMen)Cl2] complexes was investigated
ith a focus on the chlorination chemistry. Hydrocarbon oxy-

enation reactions with metal chloride compounds often generate
races of organochlorides as by-products [52]. In certain cases,
toichiometric [45,53] or catalytic halogenation [19] has been
bserved. Our primary aim with the methylated bispicen ligands
nd their metal complexes was to investigate the factors that mod-
late halogenation chemistry, in particular to determine whether
anganese is capable of substituting for iron as it does in other

xidative systems. A secondary aim was to determine whether the
hlorination chemistry could be made regiospecific through the
ncorporation of modest steric bulk onto the ligand framework.

.1. Reactivity with cyclohexene

For each metal compound, the oxidation reaction with cyclo-
exene yields a mixture of cyclohexene oxide, 3-cyclohexenone,
-cyclohexenol, and 3-chlorocyclohexene. The chlorinated product

s a minor component in the product distributions of most of the
eactions (Table S1). Much of the oxygenated products likely results
rom the direct interaction of MCPBA with the olefin. The lack of 1,2-
ichlorocyclohexane in the product mixtures, however, is notable
ince this is the major product in the free radical halogenation of
yclohexene [15]. The observed chlorination in this system is more
onsistent with a metal-based oxidant than chlorine radicals.

.2. Reactivity with benzylic substrates

.2.1. Reactivity with a stoichiometric amount of terminal
xidant

The oxidation chemistry was subsequently investigated with
enzylic substrates (Scheme 3), which display less background
eactivity with the MCPBA oxidant (Table 1). With these substrates,

he studies focused on the complexes with LMe2, which showed the

ost extensive chlorination activity in the cyclohexene assay, and
Me4, which should be the bulkiest ligand. The benzylic substrates
rovide a means to assess the regioselectivity of the metal-based
xidants, given that the weak C–H bonds in toluene, ethylben-
clude [Fe(LMe2)Cl2] at 396.0580, [Fe(LMe2)(OH)Cl] at 378.0920, and [Fe(LMe2)(O)Cl2]
ction is included in the supporting information.

zene, and cumene are on primary, secondary, and tertiary carbons,
respectively. When the concentration of MCPBA is limited to 1
equiv. relative to the metal complex, only the reaction between
ethylbenzene and the iron complex with the dimethylated lig-
and with LMe2, leads to any substrate oxidation (Scheme 4). The
yield of the reaction, which converts ethylbenzene exclusively to 1-
chloroethylbenzene, is relatively low. As in the cyclohexene assays,
iron outperforms manganese as a chlorination agent and the iron
complex with LMe2 outperforms that with LMe4.

The steric environments around substrate C–H bonds have been
found to impact the ability of moderately bulky oxidants to access
and activate them [54]. Of the three substrates, toluene has the
highest benzylic C–H bond dissociation energy (BDE), with most
estimates of the bond strength at approximately 88 kcal mol−1 [47].
The BDE of the benzylic C–H bonds in ethylbenzene are estimated to
be 85 kcal mol−1; whereas, that of the weak C–H bond in cumene is
approximately 83 kcal mol−1 [48]. If neither substrate nor oxidant
sterics are important, one would expect cumene to be oxidized to
the greatest extent. The results suggest that the oxidant generated
from [Fe(LMe2)Cl2] and MCPBA is sufficiently sterically hindered to
preclude the activation of C–H bonds on tertiary carbons, yet the
oxidant is not strong enough for toluene oxidation. The oxidant
derived from [Fe(LMe2)Cl2] shows the best reactivity with ethyl-
benzene, which is intermediate with respect to both the strength
and accessibility of the benzylic C–H bonds. The lack of reactivity
with [Fe(LMe4)Cl2] suggests that the additional methyl groups may
discourage the activation of C–H bonds on secondary, as well as
tertiary, carbons.

4.2.2. Reactivity with an excess of terminal oxidant
Chlorinated products result from the other metal com-

plex/substrate mixtures when large excesses of MCPBA and
substrate are used. In most cases, the chlorination product is formed
in under 40% yield (0.8 turnovers), given the maximum of 20 mM
that can be formed with the chloride present in solution. This
activity is rather modest relative to previously reported systems
[19,45]. As with these systems, the increase in the amount of ter-
minal oxidant added heightens the overall oxidation activity at

the cost of selectivity, as evident by the increased incidence of
oxygenated products [44,45]. Consistent with the other reactivity
assays reported in this manuscript, the oxidants derived from the
manganese chloride complexes chlorinate benzylic substrates to a
much lesser degree than their iron analogs. Although manganese
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as proven superior to iron in other oxidation reactions [32–34,55],
his does not appear to be the case with chlorination, at least with
he reaction conditions investigated thus far.

Ethylbenzene continues to be the most active substrate with
espect to chlorination. Notably, even with the excess terminal oxi-
ant, ethylbenzene is not oxidized past 1-chloroethylbenzene. We
peculate that the additional steric bulk provided by the installed
hlorine atom precludes further reactivity. The iron compound
ith the tetramethylated ligand enables chlorination of the ethyl-

enzene to 1-chloroethylbenzene to a lesser degree, but with no
xygenated byproducts. When cumene and toluene are used as
ubstrates, however, the yields of the chlorinated products asso-
iated with the two discrete iron complexes are equivalent within
rror. Even with excess oxidant, neither of the systems contain-
ng [Fe(LMe2)Cl2] or [Fe(LMe4)Cl2] can oxidize cumene, despite this
ubstrate having the weakest C–H bond in the series of hydrocar-
ons.

With the excess MCPBA, the oxidant(s) formed from FeCl2 are
he most active chlorination agents for each benzylic substrate.
nlike the oxidants generated from the [Fe(LMen)Cl2] complexes,

he FeCl2/MCPBA mixture is capable of activating benzylic C–H
onds on primary, secondary, and tertiary carbons (Table 1).
ith cumene, FeCl2 catalyzes the oxygenation of the substrate

o 1-hydroxycumene, achieving 0.9 turnovers with respect to the
hlorination and 4.2 turnovers with respect to the hydroxylation.
iven the high conversion of MCPBA to MCBA (Scheme 4), the active
pecies is likely an iron complex with one or more equivalents
f deprotonated MCBA. One possibility is that the more anionic
oordination sphere provided by these carboxylate ligands may
romote chlorination. Increasing the negative charge around the
etal ion should weaken the bonds between the metal and mon-

dentate anionic ligands, such as hydroxide and chloride. Another
actor that could explain the superior chlorination activity of FeCl2
s its lack of an organic ligand. The bispicen deriviatives act as com-
eting substrates and decompose during the reactions. Elimination
f ligand degradation pathways may direct more of the MCPBA into
ubstrate oxidation.

Subtle modifications in the ligand structure thereby appear
o modulate the regiospecificity of the iron-mediated chlorina-
ion. In the absence of a tetradentate ligand, the oxidants formed
an activate weak allylic or benzylic C–H bonds, regardless of the
ubstrate’s steric character. With FeCl2, the extent to which the
ydrocarbon is oxidized scales with the BDE of its weakest C–H
ond(s). As methyl groups are installed on the ligand, the oxidants’
bilities to chlorinate C–H bonds on tertiary and secondary carbons
re curtailed. Ethylbenzene is most susceptible to chlorination by
Fe(LMe2)Cl2] and [Fe(LMe4)Cl2]-derived oxidants partly due to its
eakened C–H bonds, relative to toluene, and partly due to the

reater accessibility of these bonds, relative to cumene.

.3. Mechanistic studies

When MCPBA is added to the [Fe(LMe2)Cl2] in the absence of sub-
trate, a transient species is observed spectrophotometrically. At
oom temperature, the intermediate completely decays within 30 s.
arallel studies with mass spectrometry lead us to speculate that
he transient species is [FeIV(LMe2)(O)Cl2] and that this interme-
iate is responsible for the hydrocarbon chlorination (Scheme 5).
he presence of the second chloride in the oxidant distinguishes
his system from another iron-based halogenation system recently
eported by Comba, in which aliphatic chlorination is believed to

roceed through an [FeIV(L)(O)Cl] species [44]. Results from Que’s
roup suggest that the additional chloride may destabilize the
e(IV) oxidation state [51].

The steric bulk provided by the methyl groups are believed to
mpede substrate access to the reactive portions of the oxidant
Scheme 5.

and thereby prevent the oxidation of cumene. The lessened reac-
tivity of [Fe(LMe4)Cl2] relative to [Fe(LMe2)Cl2] is consistent with
the additional two methyl groups further impeding the substrate
oxidation.

The primary obstacle to catalytic halogenation is that the ligands
are themselves susceptible to oxidation, as indicated by NMR and
TLC. The picolinylic C–H bonds have comparable bond dissociation
energies to the benzylic substrates [56]. Other work from our group
has found that the bispicen framework is much more dynamic than
previously thought [57,58]. The flexibility of the ligand appears to
correlate to a higher degree of self-oxidation, and consequently a
lower degree of substrate oxidation, than those seen in systems
using more constraining ligand backbones [44,45]. A rigid or oxida-
tively robust ligand therefore seems essential to efficient substrate
chlorination.

5. Conclusion

The chlorination activity of manganese and iron complexes with
methylated derivatives of the ligand bispicen is reported. The bispi-
cen framework supports modest chlorination that is limited to
benzylic and allylic C–H bonds. The identity of the metal and the
extent of ligand methylation are found to have significant impacts
on the reactivity. Iron appears to enable more extensive chlorina-
tion than manganese. The methylated bispicen ligands appear to
discourage the chlorination of more sterically congested carbon
centers, likely by restricting substrate access to the reactive por-
tions of the generated [MIV(L)(O)Cl2] species. Although the changes
to the ligand framework are ostensibly minor, they endow the chlo-
rination reactions with a significant degree of regioselectivity.
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