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Abstract Several nonheme iron enzymes and biomimetic

model complexes catalyze a substrate halogenation reaction.

Recent computational studies (Borowski et al. J Am Chem

Soc 132:12887–12898, 2010) on a-ketoglutarate dependent

halogenase proposed an initial isomerization reaction that is

important to give halogenated products. We present here a

series of density functional theory calculations on a biomi-

metic model complex—[FeIV(O)(TPA)Cl]?, where TPA is

tris(2-pyridylmethyl)amine—and investigate the mecha-

nisms of substrate halogenation versus hydroxylation using

the reactant and its isomer where the oxo and chloro groups

have changed positions. We show here that the reactions

occur on a dominant quintet spin state surface, although the

reactants are in a triplet state. Despite the fact that the reac-

tants can exist in two stable isomers with the oxo group either

trans or cis to the axial ligand, they react differently with

substrates, where one gives dominant hydroxylation and the

other gives dominant chlorination of substrates. The ligand

in the cis position of the oxo group is found to be active in the

reaction mechanism and donated to the substrate during the

reaction. A detailed thermochemical analysis of possible

reaction mechanisms reveals that the strengths of the Fe–OH

and Fe–Cl bonds in the radical intermediates are the key

reasons for this regioselectivity switch of hydroxylation over

halogenation. This study highlights the differences between

enzymatic and biomimetic halogenases, where the former

only react after an essential isomerization step, which is not

necessary in model complexes.

Keywords Computational chemistry � Density functional

theory � Dioxygen � Thermodynamics � Transition state

Introduction

Substrate halogenation is a unique chemical reaction in

biology but is surprisingly widespread, with over 4,500

examples reported [1, 2]. Despite the fact that C–Cl bonds

are rare in natural products, there are several enzymes that

catalyze the formation of this bond in organic molecules

efficiently. In particular, halogenases catalyze the addition

of a halogen to a wide variety of scaffolds, ranging from

aromatic and heterocyclic rings to olefinic sites and even

aliphatic carbons [3]. The activated chlorination of ali-

phatic carbons is crucial to the biological effectiveness of

the natural product, illustrated by the observed loss of

function from dechlorinated syringomycin and vancomycin

[4, 5]. This has huge medical significance since haloge-

nation during drug synthesis can increase the therapeutic

effectiveness of the agent by a power of between 4 and 10

[3, 6]. One particular family of enzymes responsible for

halogenation reactions in nature is the a-ketoglutarate

(aKG) dependent halogenases, which are highly conserved

throughout evolution and have biological roles as diverse

as antibiotic biosynthesis and the metabolism of toxins

[2, 3, 7–10].

In recent years several crystal structures [11–13] of

aKG-dependent halogenases were determined and show

that they are structurally similar to the aKG-dependent
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hydroxylases and contain a nonheme iron active site, where

the metal is linked to the protein via two histidine groups.

In the hydroxylases there is also a linkage with a carboxylic

acid group into a facial 2His–1Asp/Glu triad, but in the

halogenases the acidic amino acid is missing because of an

alanine amino acid in that position and the ligand position

at the metal is taken in by a halide ion. Figure 1 displays

the active site structure of the halogenase enzyme SyrB2 as

taken from the 2FCT Protein Data Bank file [11]. This

enzyme catalyzes the regioselective methyl group chlori-

nation of L-Thr-S-SyrB1 of syringomycin E [14] on a

nonheme iron center that is bound to two histidine side

chains of His116 and His235 and a chloride anion in a facial

triad. The chloride ion is bound in a hydrophobic pocket at

hydrogen-bonding distance to a chain of crystal water

molecules, whereas trans to its ligand position aKG is

bound to the metal. The Protein Data Bank file does not

contain a substrate but it is envisaged that it will bind near

the iron center.

Detailed spectroscopic and kinetics studies identified

several short-lived intermediates in the catalytic cycle,

including an iron(IV)–oxo species that reacts with a large

kinetic isotope effect with substrates [14–16]. On the basis

of these studies it was concluded that the reaction proceeds

with a rate-determining hydrogen abstraction step from the

substrate by a high-valent iron(IV)–oxo species. These

studies were followed by a series of computational studies

that tried to rationalize the product distributions and

explain the lack of hydroxylation products [17–19]. Owing

to the absence of experimental evidence, many possible

reaction mechanisms were proposed to explain the ther-

modynamically unfavorable halogenation over hydroxyl-

ation reaction, including CO2 trapping of the hydroxyl

radical [17] and proton transfer from a nearby arginine

residue [18]. In yet another study, a novel mechanism was

proposed whereby the iron(IV)–oxo(halide) complex

undergoes a ligand switch where the oxo and halide groups

change position at the metal center prior to the hydrogen

atom abstraction, as shown in Scheme 1 [19]. This ligand

switch was identified as important for efficient substrate

halogenation as otherwise substrate hydroxylation would

have been the dominant mechanism.

Recently there has been a positive development in

substrate halogenation chemistry, and several synthetic

mononuclear nonheme iron(IV)–oxo complexes were

shown to react via substrate halogenation [20–23]. One

particular iron ligand system known to react via haloge-

nation of aliphatic groups is an iron with the tetradentate

tripodal ligand tris(2-pyridylmethyl)amine (TPA); Fig. 2.

Thus, its iron(IV)–oxo species has one vacant ligand site

cis to the metal with respect to the oxo group, and with

halide occupation has features resembling those of the

active site of nonheme iron halogenases. To gain insight

into the reactivity differences of enzymatic and biomimetic

halogenases, we decided to investigate the competitive

hydroxylation and halogenation of a model substrate by

[FeIV(O)(TPA)X]? as the chemical system has been well

studied experimentally as well as computationally. The

chemical properties and reactivities of [FeIV(O)(TPA)X]?

with X being a solvent molecule or an anion, e.g., chloride

or hydroxide, have been widely studied, since the labile

cis site enables studies of the equatorial (cis) ligand effect

[24–32]. A combination of experimental [20] and compu-

tational [33] studies showed that [FeIV=O(Cl)(TPA)]? is

able to chlorinate cyclohexane to chlorocyclohexane via

oxidative ligand transfer. Obviously, this chemical system

does not discard CO2 in a previous step of the catalytic

cycle, so a CO2 trapping mechanism as suggested for the

enzymatic halogenase would not apply here. The question,

however, is whether a ligand-switch isomerization reaction

as proposed for nonheme iron halogenases would be pos-

sible for biomimetic nonheme iron complexes. To inves-

tigate this, we decided to revisit the substrate halogenation

by [FeIV=O(Cl)(TPA)]? (ReA; Fig. 2) and investigate the

regioselectivity of substrate hydroxylation versus chlori-

nation in both isomers, which we describe in this study.

Methods

The studies presented in this work used density functional

theory methods as implemented in the Gaussian 03 pro-

gram package [34]. Following previous experience in the

field [35–37], we use the unrestricted hybrid density

functional method UB3LYP for all our calculations [38,

39] in combination with a double-f-quality LACVP basis

set for iron and a 6-311G basis set for the rest of the atoms,

basis set BS1 [40]. We performed a full geometry opti-

mization (without constraints) followed by an analytical

frequency calculation for all structures and characterized

local minima with a frequency calculation. Subsequently,

His 116

His 235

ααKG
Arg248

Arg 254

Thr 113

Fig. 1 Active site structure of the a-ketoglutarate (aKG) dependent

halogenase SyrB2 as taken from the 2FCT Protein Data Bank (PDB)

file. Amino acids are labeled according to the PDB file
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we did single-point calculations using a triple-f-type

LACV3P? basis set for iron and a 6-311?G* basis set for

the rest of the atoms, basis set BS2. All energies reported in

this work were obtained with the latter basis set and are

corrected for zero-point energies from the frequency cal-

culations. Free energies were calculated at 1-atm pressure

and a temperature of 298 K and contain entropic and

thermal corrections. To test the effect of the density

functional method on the energetics calculated, we per-

formed two sets of single-point calculations, namely, using

(1) the B3LYP* method, whereby the Hartree–Fock

exchange was reduced to 15 %, and (2) the M06 method.

The M06 results gave the same spin state ordering and the

relative energies were very similar to those calculated with

B3LYP and hence we will focus on the B3LYP results

only. The M06 details are given in the electronic supple-

mentary material.

Transition state searches were started by running

extensive geometry scans between two local minima,

whereby one degree of freedom for the reaction coordinate

was fixed and all other degrees of freedom were fully

optimized. This was followed by a full transition state

geometry optimization starting from the maxima of these

scans. Transition states were characterized by a single

imaginary frequency for the correct mode.

Solvent calculations were done using the conductor

polarized continuum model with dielectric constant

e of 35.688 in combination with the united atom topolog-

ical model. All calculations were performed for the lowest-

lying singlet, triplet, quintet, and septet spin state surfaces;

details of all spin states are given in the electronic sup-

plementary material, and we focus on the low-lying spin

states only here.

The methods reported in this work have been carefully

benchmarked and calibrated against experimental data and,

for instance, it was shown that the experimental free

energies of activation are reproduced within 3 kcal mol-1

[41–43]. Similarly, good agreement against experimental

spectroscopic constants was obtained, including vibrational

frequencies [44]. We are, therefore, confident that the

results predict the correct trends.

Results

Recent computational studies of Borowski et al. [19] on the

halogenation reaction by the nonheme iron enzyme SyrB2

highlighted an important initial isomerization reaction of

the iron(IV)–oxo oxidant, whereby the oxo that was ini-

tially located trans to the axial ligand and moved to a

position cis to the axial ligand, whereas the chloride ligand

moved to the trans position, as shown in Scheme 1. This

was found to be an important and essential isomerization in

the enzyme as it affected the regioselectivity of substrate

activation from hydroxylation to halogenation. The ques-

tion is whether this type of isomerization is also possible in

biomimetic nonheme iron(IV)–oxo species and whether the

regioselectivity is influenced in a similar way. To find

answers to these questions, we investigated the reaction

mechanism that is displayed in Scheme 2 using ethylben-

zene as the substrate (SubH). The reactant structures are

the [FeIV(O)(TPA)Cl]? isomers ReA and ReB, which have

either the oxo or the chloride group trans to the amine

group of TPA. The interconversion barrier between these

two isomeric structures is TSAB. Both reactants attack the

substrate and abstract a hydrogen atom via barrier TSH to

form an iron(III)–hydroxo intermediate (IntA and IntB)

with the hydroxo group trans or cis to the amine group of

N

H

FeIV

OO

N N H
O

Cl

Succ

His 116

His235

N

H

FeIV

ClO

N N H
O

O

Succ

His116

His235

isomerization

isomer A isomer B

Scheme 1 Computational

proposed mechanism [19] of

substrate halogenation by a

nonheme iron enzyme, whereby

isomer A gives hydroxylation

products and isomer B gives

halogenation products. Labels

are taken from the 2FCT Protein

Data Bank file. Succ succinate

N

N
N N

TPA [FeIV=O(Cl)(TPA)]+

Fig. 2 Chemical structure of [FeIV=O(Cl)(TPA)]? (ReA) as studied

in this work
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TPA, respectively. From each of the radical intermediates

there are three subsequent pathways in the reaction: (1)

isomerization, (2) hydroxyl rebinding, and (3) chloride

rebinding. The isomerization barrier between the two rad-

ical intermediates is defined as TS0AB. Finally, the radical

intermediates either rebind the OH group to form alcohol

products (POH) via transition state TSOH or rebind the

chloride ligand via transition state TSCl to form haloge-

nated products (PCl). Because the nonheme iron(IV)–oxo

complexes often react via multistate reactivity patterns [45,

46], we calculated each intermediate and transition state in

the lowest singlet, triplet, quintet, and septet spin states.

Before we discuss the reactivity patterns and possible

regioselectivities, however, we will start with an in-depth

analysis of the isomeric reactants.

Isomerization of iron(IV)–oxo complexes

We started our studies from [FeIV=O(Cl)(TPA)]? with the

oxo group trans to the amine group and the three pyridine

nitrogen atoms in the cis position: ReA. We calculated ReA

in the singlet, triplet, quintet, and septet spin states, and the

free energy (with solvent correction included) gives a

triplet spin ground state, with the quintet, septet, and

singlet spin states higher in energy by 6.1, 13.4, and

30.3 kcal mol-1, respectively. The spin state ordering and

relative energies are analogous to those found in the many

computational and experimental studies of nonheme iron

biomimetic complexes [45–52] reported before. Interest-

ingly, our gas-phase calculations give degenerate triplet

and quintet spin reactants, which are well separated from

the singlet and septet spin states, although a significant

triplet–quintet energy gap is found via free energies in

solvent. This is probably an effect of an overall charge of

?1 in the calculations that causes differences in polariza-

tion in the triplet and quintet spin states. The calculations

are in good agreement with experiment: Mössbauer and

extended X-ray absorption fine structure spectroscopy

experiments [25] identified [FeIV(O)(TPA)Cl]? as a triplet

spin ground state with Fe–O and Fe–Cl distances of 1.65

and 2.29 Å, respectively. Electronically, the triplet spin

state reactants have orbital occupation p�xy
2p�xz

1p�yz
1,

whereas the quintet spin state has p�xy
1p�xz

1p�yz
1r�z2

1 occu-

pation. The optimized geometries of 3,5ReA are typical for

the nonheme iron(IV)–oxo complexes calculated before

[45–50] with Fe–O distances around 1.65 Å. The Fe–Cl

distances are long owing to the interaction of second-row

elements, and the bond lengths compare well with those

from previous calculations on FeCl and FeS complexes

[53–56].

Next, we investigated the isomeric iron(IV)–oxo species

ReB, which has the chloride trans to the amine group of

TPA and the oxo in the cis position. The spin state ordering

for ReB is the same as that found for ReA, but now the

quintet, septet, and singlet spin states are 4.0, 12.8, and

30.3 kcal mol-1 above the triplet spin ground state at the

free energy level with solvent included; hence, the spin

state ordering and relative energies of ReA and ReB are the

same. Note that 3ReA is slightly more stable than 3ReB by

about 1 kcal mol-1. Since, the septet and singlet spin states

are much higher in energy than the triplet and quintet spin

states, we only show the latter two spin surfaces in Fig. 3;

details of the other structures can be found in the electronic

supplementary material. The geometries of 3,5ReA and
3,5ReB are very much alike and only minor differences in

bond lengths are found.

Subsequently, we studied the isomerization reaction,

whereby the oxo and chloride ligands swap places via

transition state TSAB to form the reactant isomer ReB.

Initially, a series of geometry scans starting either from

ReA or from ReB were performed on the singlet, triplet,

quintet, and septet spin states. These geometry scans were

the result of a full geometry optimization with fixed O–Fe–

Naxial angle, which was stepwise reduced from 180� to 90�
in steps of 5� from ReA and the reverse for the scans

starting from ReB. A detailed analysis of the individual

FeIV
O

ClN
N

N

N
FeIV O

Cl

N
N

N

N

ReA ReB

TSAB

+ SubH + SubH

FeIII
OH

ClN
N

N

N
FeIII OH

Cl

N
N

N

N

+ Sub + Sub

TSH,A TSH,B

IntA IntB

TSCl,A TSOH,A

SubCl SubOH

TSCl,B TSOH,B

SubCl SubOH

PCl,A POH,A PCl,B POH,B

TS'AB

Scheme 2 Reaction mechanisms studied with the labeling of the

individual structures
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optimized geometries confirmed that a minimum energy

pathway from ReA to ReB and vice versa was found.

Subsequently, the maximum points of the individual scans

were subjected to a full transition state search and led to the

TSAB geometries displayed in Fig. 3.

The optimized geometries of 3,5TSAB show similar

features of Fe–O and Fe–Cl bond lengths as compared with

ReA and ReB, although structurally the transition states

have undergone some dramatic changes. During the

isomerization, the Fe–Cl and Fe–O distances remain the

same, and only the Cl–Fe–Naxial and O–Fe–Naxial angles

change. Thus, ReA and ReB have octahedral symmetry of

the metal, where all bound atoms surrounding the metal are

equally spaced and form angles close to 90�. ReA and ReB

have a triplet spin ground state and spin state ordering with

the same orbital occupation, which result in similarities in

geometric features of the two complexes. In TSAB, by

contrast, the complex is square-pyramidal with an axial

ligand trans to the oxo group and three equally separated

nitrogen ligands in the equatorial positions that form angles

of 120�. Both chloro and oxo ligands have left the equa-

torial plane and are located above the metal at roughly

equal angles. The analysis of the imaginary frequency in

the transition states shows that the conversion of ReA into

ReB via TSAB first moves the chloride out of the equatorial

position, which results in reorganization of the TPA ligand

into a square-pyramidal structure and a push of the iron out

of the plane through the three nitrogen atoms. The imagi-

nary frequency for this motion is very soft (53.8i cm-1 for
3TSAB and 56.7i cm-1 for 5TSAB) and corresponds to a flat

and broad potential energy surface. The potential energy

surface displayed in Fig. 3 shows that the isomerization

barriers are large especially for the triplet spin state. The

lowest isomerization barrier is for the quintet spin state,

which is 13.1 and 13.4 kcal mol-1 in the gas phase as

calculated with B3LYP and B3LYP*, respectively,

whereas a free energy of activation DG� of 36.9 kcal -

mol-1 is calculated with solvent effects included.

Experimental near-infrared, NMR, Mössbauer, and

extended X-ray absorption fine structure studies on

[FeIV(O)(TPA)Cl]? [25] found no evidence of isomeriza-

tion reactions, whereby the oxo and chloro ligands were

interchanged. This further supports high energy barriers and

implies that very little—if any—isomerization will occur.

Halogenation and hydroxylation

Subsequently, we investigated the mechanisms leading to

substrate hydroxylation and chlorination as displayed on

the left-hand side and right-hand side, respectively, of

Scheme 2. Ethylbenzene was used as a model substrate

since it has been shown that it has a moderate C–H bond

3ReA (5ReA)

3ReB(5ReB)

rFeO = 1.651 (1.647)

rFeCl = 2.336 (2.354)

rFeO = 1.657 (1.649)

r FeCl = 2.326 (2.351)

3TSAB (5 TSAB)

3ReA

5ReA 3ReB

5ReB

5TSAB

3TSAB

–1.8 (12.7) [–2.0]

–1.1 (18.8) [5.4]

–0.4 (13.6) [–0.8]

–2.9 (17.6)
[3.2]

13.1 (36.9)
[13.4]

34.9 (57.2) [25.8]

r FeO = 1.652 (1.653)

r FeCl = 2.371 (2.371)

∠ O-Fe-Cl = 91.4° (91.5°)

i53.8 (i56.7) cm –1

top-view

Fig. 3 Potential energy profile with energies in kilocalories per mole

relative to isolated reactants in the triplet spin state for the

isomerization of 3,5ReA to 3,5ReB. Values not in parentheses are

gas-phase UB3LYP/BS2 energies with zero-point-energy (ZPE)

corrections, whereas free energies in solvent are given in parentheses.

Also shown are optimized geometries of critical points with bond

lengths in angstroms and the imaginary frequency in the transition

states in reciprocal centimeters. Values in brackets refer to B3LYP*

single-point energies
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strength [57–59]. Figure 4 gives the hydroxylation and

chlorination mechanism of ethylbenzene starting from
3,5,7ReA, whereas the mechanism starting from 3,5,7ReB are

given in Fig. 5. Both mechanisms occur stepwise and start

with an initial hydrogen atom abstraction via transition

state TSH that leads to an iron(III)–hydroxo complex and a

nearby radical rest group (Int). Thereafter, the reactions

split into two possible reaction paths: (1) rebinding of the

hydroxyl group via transition state TSOH to form hydrox-

ylated products (POH) or (2) chloride transfer via transition

state TSCl to form chlorinated products (PCl).

Both mechanisms start with a rate-determining hydro-

gen atom abstraction, and although the ground state of ReA

and ReB is a triplet spin state, a spin state crossing is

needed to a higher spin state, since 3TSH is very high in

energy: 38.8 kcal mol-1 for 3TSH,A and 41.2 kcal mol-1

for 3TSH,B in the gas phase. At the free energy level in

solvent, the free energy of activation in the triplet spin state

is well above 70 kcal mol-1, and, therefore, too high for

the reaction to proceed on this surface. Much lower barriers

are found for the septet and quintet spin states, which are 2.1

and 10.7 kcal mol-1 for the septet spin state and 16.3 and

6.8 kcal mol-1 for the quintet spin state for B3LYP and

B3LYP*, respectively, in the gas phase. Although the sep-

tet–quintet spin state ordering changed upon replacing the

B3LYP method with B3LYP*, actually at both levels of

theory the lowest TSH barrier is well below that calculated

for the isomerization barrier, and therefore, the conclusions

remain the same. Consequently, hydrogen abstraction is an

energetically lower energy process than oxidant isomeri-

zation. Both processes lead to almost degenerate septet and

quintet intermediates for both pathway A and pathway B,

owing to similarities in orbital occupation. Thus, 5,7IntA and
5,7IntB have orbital occupation p�xy

1p�xz
1p�yz

1r�z2
1r�x2�y2

1p1
Sub,

whereby the radical on the substrate (in the pSub orbital) is

either ferromagnetically coupled to the five 3d electrons in

the septet spin state or antiferromagnetically coupled to

these electrons in the quintet spin state.

3IntA (5IntA)

3TSH,A (5TSH,A) [7TSH,A]

3ReA

5ReA
3IntA

5IntA

5TSH,A

3TSH,A

–9.2 (9.6) [–6.0]

–21.5 (–1.4) [–3.6]

38.8 (74.3) [26.4]

16.3 (49.3)
[6.8]

rFeO = 1.815 (1.850)

rFeCl = 2.355 (2.367)

r FeO = 1.852 (1.852) [1.852]

rFeCl = 2.387
(2.386)
[2.387]

5TSCl,A

3TSCl,A

5PCl,A

5TSOH,A

3TSOH,A

5POH,A

r OH = 1.300 (1.301) [1.300]

r HC = 1.211 (1.205) [1.205]

i462.3 (i116.0) [i283.8] cm–1

3TSCl,A (5TSCl,A)

r FeO = 1.827 (1.872)

rFeCl = 2.368 (2.469)

rCCl = 2.819 (3.026)

i195.3 (i70.7) cm–1

3TSOH,A (5TSOH,A)

rFeO = 1.982 (1.991)

rFeCl = 2.567
(2.572)

rCO = 2.401 (2.368)

i135.4 (i143.8) cm–1

2.9 (29.7) [7.9]

–18.6 (17.6) [–2.0]

9.3 (41.5) [14.8]

–13.8 (18.1) [–9.0]

–28.7 (–3.8) [–15.1]

–18.8 (–0.1) [–3.9]

–43.9 (–24.3) [–31.6]

7TSH,A

2.1 (37.5)
[10.7]

7IntA

7ReA

Fig. 4 Potential energy profile with energies in kilocalories per mole

relative to isolated reactants in the triplet spin state for ethylbenzene

hydroxylation and chlorination by 3,5,7ReA. Values not in parentheses

are gas-phase UB3LYP/BS2 energies with ZPE corrections, whereas

free energies in solvent are given in parentheses. Also shown are

optimized geometries of critical points with bond lengths in

angstroms and the imaginary frequency in the transition states in

reciprocal centimeters. Values in brackets refer to B3LYP* results
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The gas-phase barriers for hydrogen abstraction from

ethylbenzene by ReA (ReB) of 16.3 kcal mol-1 for 5TSH,A

and 11.6 kcal mol-1 for 5TSH,B are higher in energy than

those calculated using [FeIV(O)(Por)X], where X is SH-,

Cl-, or NCCH3, as oxidants using the same methods,

which gave hydrogen abstraction barriers of 11.5, 9.1, and

9.9 kcal mol-1, respectively [58, 60]. The optimized

geometries of the transition states identify them as early

barriers with longer O–H distances than C–H distances,

and hence they are closer to the geometries of the reactants

than the geometries of the intermediates. In contrast to

previous hydrogen abstraction studies [57–60], the imagi-

nary frequencies are modest in size and range from

116.0i cm-1 for 5TSH,A to 462.3i cm-1 for 3TSH,A. Con-

sequently, the hydrogen abstraction barrier is rather broad

and the reaction is expected to proceed with a modest

kinetic isotope effect. In previous work, we calculated

hydrogen abstraction barriers with imaginary frequencies

well over 1,500i cm-1 [54, 61–63], and found kinetic

isotope effects for the replacement of the hydrogen atoms

of the substrate with deuterium atoms of well over 10.

In pathway A, we calculated a rebinding barrier of

7.7 kcal mol-1 on the quintet spin state surface, whereas a

chloride transfer barrier of 2.9 kcal mol-1 is found. Thus,

the relative barrier heights imply there is a regioselective

chlorination reaction on a dominant quintet spin state sur-

face. The optimized geometries of 3,5TSCl,A give long Cl–C

bonds, whereas the Fe–Cl distance is slightly elongated

with respect to the value found for the connecting inter-

mediates. The imaginary frequencies for these transition

states are small and compare well with values typically

found for, e.g., sulfoxidation and phosphorylation barriers

[64, 65]. For the hydroxyl rebinding barriers, the Fe–O

distance is significantly elongated to well over 1.9 Å, and

at the same time, the substrate approaches the oxygen atom

closely (to within 2.4 Å). Imaginary frequencies of 135.4i

3IntB (5IntB)

3TSH,B (5TSH,B) [7TSH,B]

3ReB

5ReB

rFeO = 1.793 (1.806)

rFeCl = 2.473 (2.333)

rFeO = 1.856
(1.857)
[1.856]

rFeCl = 2.352 (2.352) [2.352]

5TSCl,B

3TSCl,B

5PCl,B

5TSOH,B

5POH,B

rOH = 1.305 (1.305) [1.305]

rHC = 1.208 (1.205) [1.205]

i470.4 (i106.1) [i268.4] cm–1
3TSCl,B (5TSCl,B)

rFeO = 1.940 (1.954)

rFeCl = 2.588 (2.592)

rCCl = 2.816 (2.787)

i33.5 (i29.8) cm–1

3TSOH,B (5TSOH,B)

rFeO = 2.050 (2.169)

rFeCl = 2.419 (2.392)

rCO = 1.929 (1.895)

i116.9 (i77.0) cm–1

0.8 (34.8) [3.5]

–13.0 (20.4) [–7.2]

>–20.0 (>7.7) [>1.4]
–24.1 (1.9) [–11.4]

–50.7 (–27.9) [–37.8]

7ReB
3IntB

5IntB

5TSH,B

3TSH,B

–0.5 (15.7) [–5.0]

–20.0 (7.7) [1.4]

41.2 (77.7) [31.7]

11.6 (50.5)
[8.8]

–18.2 (1.6) [–2.7]

7TSH,B

4.3 (40.1)
[13.5]

7IntB

Fig. 5 Potential energy profile with energies in kilocalories per mole

relative to isolated reactants in the triplet spin state for ethylbenzene

hydroxylation and chlorination by 3,5,7ReB. Values not in parentheses

are gas-phase UB3LYP/BS2 energies with ZPE corrections, whereas

free energies in solvent are given in parentheses. Also shown are

optimized geometries of critical points with bond lengths in

angstroms and the imaginary frequency in the transition states in

reciprocal centimeters. Values in brackets refer to B3LYP* results
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and 143.8i cm-1 are typical values for rebinding barriers

[66, 67] and indicate a flat and broad potential energy

surface for this reaction. In mechanism B, the order of the

rebinding transition states has changed and 5TSOH,B is

much lower in energy than 5TSCl,B. Thus, detailed geom-

etry scans and subsequent transition state searches gave a

rebinding barrier of less than 2 kcal mol-1 for the

hydroxylation mechanism, which we identify with more

than -20 kcal mol-1 in Fig. 5. By contrast, a rebinding

barrier of 7.0 kcal mol-1 is found for the process passing

through 5TSCl,B. Consequently, mechanism B will proceed

with dominant substrate hydroxylation rather than haloge-

nation, which is the opposite of what is found for mecha-

nism A. For completeness, we also investigated rebinding

on the septet spin state surface but found it considerably

higher in energy, probably owing to the lack of available

low-lying vacant orbitals to accommodate an extra

electron.

The optimized geometries of 3,5TSCl,B are similar to

those reported for 3,5TSCl,A above. The substrate is some-

what closer to the chloride anion in 5TSCl,B at a distance of

2.787 Å, whereas the Fe–Cl and Fe–OH bond lengths have

elongated to 2.592 and 1.954 Å, respectively. These

structures, therefore, appear somewhat later on the poten-

tial energy surface as compared with 5TSCl,A. In addition,

the potential energy surface around the transition state

appears to be broad and flat as follows from the low value

of the imaginary frequencies: 29.8i cm-1 for 5TSCl,B. A

similar situation has occurred for the hydroxyl rebinding

barrier, which also gives a soft vibrational mode of

77.0i cm-1 for the C–O bond formation. Furthermore,

there is also a substantially shorted C–O distance of

1.895 Å as compared with 5TSOH,A, which corresponds to

a somewhat later barrier. At the same time, the Fe–O bond

in 5TSOH,B is significantly weakened and has grown to

2.169 Å.

Isomerization of iron(III)–hydroxo complexes

To find out whether the radical intermediates can inter-

convert into each other via rotational barrier TS0AB, we

performed a series of calculations on the septet and quintet

spin state surfaces. We started these calculations from the

optimized geometries of the radical intermediates 5,7IntA

and 5,7IntB and did a geometry scan leading to the isomeric

structure. The O–Fe–Naxial angle was varied in steps of 5�
from 90� with the hydroxyl group in the cis position to

180�, where the hydroxyl group is in the trans position with

respect to the amine nitrogen atom of TPA. During these

geometry scans, the energy was minimized at each step and

led to the potential energy surface displayed in Fig. 6. As

can be seen, the structures IntA and IntB can isomerize into

each other, but barriers of 14.0 and 15.8 kcal mol-1 are

encountered for the septet spin state and the quintet spin

state, respectively. These isomerization barriers are con-

siderably higher in energy than the lowest hydrogen atom

abstraction barriers and are also much higher in energy

than the hydroxyl rebinding or chloride transfer barriers

(TSOH, TSCl) described in the previous section for mech-

anisms A and B. Consequently, isomerization of the radical

intermediates is unlikely to occur during the lifetime of

these intermediates. Therefore, the product distributions of

the alcohol versus halogenated products will be dependent

on the relative barrier height of TSCl versus TSOH and the

amount of isomerization that has occurred in the reactant

complexes.

Discussion

We have presented results regarding the regioselectivity of

ethylbenzene hydroxylation versus halogenation by a non-

heme iron(IV)–oxo oxidant with a TPA ligand system and

tested many possible reaction paths and mechanisms.

Scheme 3 summarizes the proposed reaction mechanism as

revealed by the calculations. The reactants with either the

oxo or the chloride group trans to the amide group of TPA

are in a triplet spin ground state, but this state is unreactive

toward hydrogen atom abstraction and isomerization. There

are, however, close-lying quintet spin states, where the

isomerization is accessible with a gas phase barrier of

13.1 kcal mol-1. This barrier is much higher in energy than

the hydrogen abstraction barriers from ReA and ReB.

Although it cannot be ruled out that some degree of isom-

erization will occur prior to the reaction, the calculations

predict fast hydrogen atom abstraction from substrates as

the dominant pathway. The hydrogen abstraction barriers

lead to radical intermediates, where the isomerization

-10
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Fig. 6 Geometry scan for the isomerization from 5,7IntA to 5,7IntB

with energies calculated at the UB3LYP/B1 level in kilocalories per

mole relative to 5IntA. Each data point represents a full geometry

optimization with fixed O–Fe–Naxial angle
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barriers are high in energy, and consequently 5TS0AB will

not contribute to the reaction mechanism. As summarized in

Table 1, the rebinding process along pathway A has sig-

nificantly lower barriers for chloride transfer than for

hydroxyl transfer and hence will lead to chlorination of the

product. On the other hand, pathway B gives dominant

hydroxylation instead because of significantly lower

hydroxylation rebinding barriers than chloride transfer

barriers. It appears, therefore, that the ligand in the cis

position is transferred to the substrate radical in the re-

binding process.

Experimental studies [18] of cyclohexane activation by

[FeIV(O)(TPA)Cl]? gave only halogenated products and no

alcohols. Indeed our calculations imply there is little

isomerization between ReA and ReB owing to high isom-

erization barriers and consequently a dominant pathway via

ReA leading to halogenated products. To understand this

process, we performed a detailed thermochemical analysis

of the reactions involved.

The first step of the reaction mechanism involves

hydrogen atom transfer from the substrate to the oxidant,

which can be described by the difference in energy of the

bond dissociation energy of the C–H bond of the substrate

(BDECH, Eq. 1) and the bond dissociation energy of the

O–H bond of the iron(III)–hydroxo structure (BDEOH,

Eq. 2) [68–72]. The difference in energy between BDECH

and BDEOH reflects the energy of hydrogen atom abstrac-

tion from ethylbenzene by [FeIV(O)(TPA)Cl]?, DHHA

(Eqs. 3, 4).

SubH! Sub� þ H� þ BDECH ð1Þ

FeIII OHð Þ TPAð ÞCl
� �þ! FeIV Oð Þ TPAð ÞCl

� �þþ H�

þ BDEOH ð2Þ

FeIV Oð Þ TPAð ÞCl
� �þþ SubH! FeIII OHð Þ TPAð ÞCl

� �þ

þ Sub� ð3Þ

DHHA ¼ BDECH � BDEOH ð4Þ

We calculated a BDECH value of 81.6 kcal mol-1 in the

gas phase and 82.8 kcal mol-1 in solvent for removal of a

hydrogen atom from the benzyl position of ethylbenzene,

which is in good agreement with previous calculations [48].

The BDEOH values for ReA are 98.4 kcal mol-1 in the gas

phase and 95.6 kcal mol-1 in solvent, whereas those for ReB

are 100.1 kcal mol-1 in the gas phase and 98.4 kcal mol-1

in solvent, and hence lead to DHHA,A values of

-16.8 kcal mol-1 in the gas phase and -12.8 kcal mol-1

in solvent for mechanism A and DHHA,B =

-18.5 kcal mol-1 in the gas phase and DHHA,B = -15.6

kcal mol-1 in solvent for mechanism B. The values for

DHHA are in good agreement with the energy differences

between reactants and IntA and IntB and show that both

isomers are equally potent oxidants.

To understand the origins of the regioselectivity of the

reaction, we performed a thorough thermodynamic analysis

of the rebinding mechanisms, and the results are shown in

Scheme 4. Firstly, we calculated the adiabatic strength of

the Fe–Cl bond in IntA and IntB by calculating the energy

difference between [FeIII(OH)(TPA)Cl]? and the opti-

mized geometries of [FeII(OH)(TPA)]? and a chloride ion.

We found virtually identical adiabatic Fe–Cl bond

FeIV
O

ClN
N

N

N
FeIV O

Cl

N
N

N

N

3ReA
3ReB

5TSAB

+ SubH + SubH

FeIII
OH

ClN
N

N

N
FeIII OH

Cl

N
N

N

N

+ Sub + Sub

5TSH,A
5TSH,B

5IntA
5IntB

TSCl,A

SubCl

TSOH,B

SubOH

PCl,A POH,B

TS'AB

-1.8

13.1

-0.4

-21.5 -20.0

3.41.2

-18.6 >-20.0

Scheme 3 Reaction mechanism of chlorination versus hydroxylation

of ethylbenzene (SubH) by [FeIV(O)(TPA)Cl]? isomers ReA and ReB.

The energies reported were obtained in the gas phase at the UB3LYP/

B2 level with zero-point-energy corrections and were calculated

relative to isolated reactants in the triplet spin state

Table 1 Hydroxylation and chlorination barriers for mechanisms A

and B

5TSOH,A
5TSCl,A

5TSOH,B
5TSCl,B

DE ? ZPE (gas phase) 7.7 2.9 [0 7.0

DG ? solvent 19.5 19.0 [0 12.7

Energies (kcal mol-1) relative to 5IntA for mechanism A and relative

to 5IntB for mechanism B

ZPE zero-point energy
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strengths (DHFe–Cl) for isomers IntA and IntB, although it

should be mentioned that geometry optimization with the

chloride ion removed from either IntA or IntB converges to

the same structure with trigonal bipyramidal symmetry and

the hydroxo group trans to the amine nitrogen of TPA.

Consequently, the adiabatic bond dissociation energies are

similar for the chloride in the cis and trans positions;

however, in the pentacoordinated structure in both cases

the optimized geometry converged to a geometry with the

hydroxo group trans to the amide of TPA, which should

incur a considerable geometric and energetic change for the

intermediate with chloride in the cis position. We, therefore,

decided to calculate the diabatic bond dissociation energy

of the Fe–Cl bond in IntA and IntB. This was done by taking

the IntA and IntB optimized geometries and running a

single-point calculation with chloride or hydroxide

removed. These values in combination with the energies of

the optimized geometries of [FeIII(OH)(Cl)(TPA)]? and

either Cl/OH give the diabatic bond dissociation energies.

As follows from the diabatic bond dissociation energies in

Scheme 4, the weakest bond in IntA is the Fe–Cl bond by

almost 10 kcal mol-1 over the Fe–OH bond. These values

contrast with the situation for IntB, where the Fe–OH bond

is the weaker of the two by more than 12 kcal mol-1. The

diabatic bond dissociation energies, therefore, imply that in

IntA the chloride will be transferred to the substrate,

whereas in IntB it is more likely that the hydroxyl group

rebinds. Indeed the potential energy profiles shown in

Figs. 4 and 5 give chlorination via pathway A and

hydroxylation via pathway B in support of the diabatic bond

dissociation energies. These studies also highlight the fact

that the cis ligand is always the source of the rebinding

process.

Finally, we calculated the energy to form 1-chloro-1-

phenylethane and 1-phenylethanol products from the

1-phenylethyl radical (bottom of Scheme 4). The reaction

to form alcohol products is 10.5 kcal mol-1 and 6.1

kcal mol-1, respectively, more exothermic than the reac-

tion leading to chlorination products, which means that the

driving force for the reaction to give alcohols is larger. On

the basis of the Polanyi principle, therefore, one would

expect dominant hydroxylation products, but in these

halogenation oxidants the driving force is not the dominant

factor that determines the reaction products. In halogen-

ases, stereochemical interactions between the oxidant and

the substrate determine the relative barrier heights of

FeIII
OH

ClN
N

N

N

FeIII OH

Cl

N
N

N

N

+ ΔHEB-OH

+ ΔHEB-Cl

HC
H3C

+ Cl

+ OH

H3C

H3C

Cl

HO
H2C

H3C

- H

FeIII
OH

+ ClN
N

N

N

FeII ClN
N

N

N

ΔHFe-Cl, IntA

ΔHFe-O, IntA

+ Cl
ΔHFe-Cl, IntB

ΔHFe-O, IntB
FeII

Cl

N
N

N

N

FeIII OHN
N

N

N

+ OH

+ OH

adiabatic: 47.6 (42.1)
diabatic: 65.5 (59.7)

adiabatic: 53.0 (57.5)
diabatic: 56.3 (49.1)

adiabatic: 46.6 (42.2)
diabatic: 62.0 (57.0)

adiabatic: 52.0 (57.7)
diabatic: 75.2 (70.5)

BDECH = 81.6 (82.8)

-61.8 (-65.1)

-72.3 (-71.2)

Scheme 4 Calculated reaction

energies for selected chloride

and hydroxyl transfer reactions.

All energies are in kilocalories

per mole and represent gas-

phase and solvent (values in

parentheses) calculations

850 J Biol Inorg Chem (2012) 17:841–852

123



halogenation versus hydroxylation and consequently the

product distributions.

Conclusions

We have described the regioselectivity of substrate

hydroxylation versus chlorination using a nonheme iro-

n(IV)–oxo oxidant. We have shown that the regioselec-

tivity is dependent on the stereochemistry of the oxidant,

whereby the system with the oxo group trans to the amine

group of TPA reacts via hydroxylation and the system

with the oxo group in the cis position reacts via chlori-

nation. The reaction starts with a rate-determining

hydrogen abstraction barrier, which is much lower in

energy than the competitive isomerization barrier between

the two isomeric oxidants. This implies that little equili-

bration between the two oxidants will occur prior to the

hydrogen atom abstraction. A detailed thermochemical

analysis of bond strengths shows a change in Fe–Cl and

Fe–OH bond strengths between the two isomers, whereby

the weaker ligand is placed in the cis position. Because of

this, the removal of the cis ligand in the rebinding phase

of the reaction mechanism is more likely to happen. The

work also highlights the differences between enzymatic

halogenases, on the one hand, and biomimetic models, on

the other hand. Thus, a suggested mechanism for enzy-

matic halogenation includes an essential isomerization

that regulates the differences between hydroxylases and

halogenases. By contrast, in biomimetic model com-

plexes, such as the one described in this work, the

isomerization is not a prerequisite for the reaction as the

weakest bond is the iron–cis ligand bond and hence

the cis ligand will be transferred in the rebinding phase.

The work further emphasizes that the catalytic mechanism

proposed for nonheme iron halogenases is far from being

resolved and further testing on the enzymatic system may

be required.
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