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Abstract
Experimental studies have shown that the C-H oxidation of ibuprofen and methylcyclohexane
acetic acid can be carried out with high selectivies using [(terpy’)Mn(OH2)(μ-O)2Mn(OH2)
(terpy’)]3+ as catalyst, where terpy’ is a terpyridine ligand functionalized with a phenylene linker
and a Kemp’s triacid serving to recognize the reactant via H-bonding. Experiments, described
here, suggest that the sulfate counter anion, present in stochiometric amounts, coordinates to
manganese in place of water. DFT calculations have been carried out using [(terpy’)Mn(O)(μ-
O)2Mn(SO4)(terpy’)]+ as model catalyst, to analyze the origin of selectivity and its relation to
molecular recognition, as well as the mechanism of catalyst inhibition by tert-butyl benzoic acid.
The calculations show that a number of spin states, all having radical oxygen character, are
energetically accessible. All these spin states promote C-H oxidation via a rebound mechanism.
The catalyst recognizes the substrate by a double H bond. This interaction orients the substrate
inducing highly selective C-H oxidation. The double hydrogen bond stabilizes the reactant, the
transition state and the product to the same extent. Consequently, the reaction occurs at lower
energy than without molecular recognition. The association of the catalyst with tert-butyl benzoic
acid is shown to shield the access of unbound substrate to the reactive oxo site, hence preventing
non-selective hydroxylation. It is shown that the two recognition sites of the catalyst can be used
in a cooperative manner to control the access to the reactive centre.

Introduction
Activation of inert C-H bonds is at the heart of several chemical processes of high current
interest, including the functionalization of hydrocarbons.1 This transformation is specially
challenging when it involves substrates containing multiple reactive functional groups,
which can all take part in the reaction decreasing the selectivity.

This problem can be solved with a “bio-inspired” approach,2 by using a catalyst in which a
recognition site is bound to the reactive centre through a linker (Scheme 1). The recognition
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site binds to a functional group of the substrate by means of weak non-covalent interactions,
like π-stacking and H-bonds. This prevents the reaction on the functional group and orients a
specific part of the substrate to make it approach the reactive centre, promoting the reaction
in a selective fashion. This molecular recognition approach is widely used in nature by
enzymes,3 like monooxygenases and fatty acid desaturases. Nevertheless, its implementation
in much smaller and well characterized synthetic catalysts is very challenging, and few
successful examples have been reported to date.4

The C-H oxidation of ibuprofen can involve either the benzyl carbon bound to the iso-propyl
group, leading to ketone A, or the benzyl carbon bound to the carboxylic group, leading to
ketone B (Scheme 2). Using our manganese oxidation catalyst, [(terpy’)Mn(OH2)(μ-
O)2Mn(OH2)(terpy’)]3+, product A is obtained with a high selectivity of 98.5%.5 In the
terpy’ ligand, terpyridine is functionalized with a phenylene linker attached to a Kemp’s
triacid fragment. Our hypothesis for the origin of selectivity is that the Kemp’s triacid
recognizes the carboxylic acid group of ibuprofen through a double H-bond interaction,
which prevents the formation of product B (Scheme 3). The benzylic methylene group is
oriented so that it approaches the reactive centre leading to the selective formation of
product A. Without molecular recognition, selectivity is dramatically reduced by a 10-fold
factor. The same strategy also proved applicable to aliphatic substrates such as
methylcyclohexane acetic acid.

For efficient recognition, the substrate must fit the molecular pocket spanning the reactive
centre and the recognition site. The binding of the substrate should be strong enough to
promote the desired reaction, but not so strong as to cause catalyst poisoning by the final
product.6 In addition, steric exclusion of unbound substrate by the recognized substrate may
be needed to reach high selectivies. In line with this idea, we have previously shown that
tert-butyl benzoic acid acts as a potent inhibitor of the catalyst.7 The COOH group binds to
the Kemp’s triacid fragment and the bulky t-Bu group shields the reactive centre, preventing
the attack of unbound substrate.

In this article, we present a computational study on the mechanism of C-H oxidation by our
dinuclear manganese catalyst (Scheme 2). The reaction mechanism and the electronic nature
of the active species are explored in a model system. The origin of the selectivity, associated
with the molecular recognition process, is studied by fully modeling the real system.

The rebound mechanism proposed by Groves,8 is generally accepted for C-H oxidation by
metal-oxo complexes. The key steps of this mechanism are: 1) H abstraction by the oxo
active species, yielding a radical and a metal-hydroxo intermediate and 2) OH rebound, in
which the radical attacks the hydroxo ligand of the intermediate, yielding the oxidation
product. Several studies support this mechanism9 and suggest that oxygen radical character
is needed in the catalyst in order to favour step 1.10 To the best of our knowledge, the
rebound mechanism in dinuclear manganese systems has not yet been studied.

Several issues concerning the molecular recognition process remain unclear: 1) is the
molecular recognition model of Scheme 3 correct? 2) how far is the pathway involving
molecular recognition favoured energetically over the pathway lacking recognition? 3) is
there a perfect fit of the substrate, or is some flexibility needed in the catalyst? 4) on which
side does the substrate bind, on the Mn1 side, as shown in Scheme 3, or on the Mn2 side? 5)
is it possible that two molecules of the substrate bind simultaneously to the catalyst,
involving both the Mn1 and Mn2 sides? 6) does the model of Scheme 3 account for the
steric exclusion of unbound substrate and the inhibition experiments? These questions will
be answered and rationalized with the molecular-level description given by our DFT
calculations.
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Experimental Details
Chemicals

All reagents were from Aldrich Chemicals (Milwaukee, WI), and used as received. Ph-terpy
(4′-phenyl-2,2′:6′,2″-terpyridine) and the dimanganese(III,IV) di-μ-oxo dimer of Ph-terpy
([MnIII/IV

2(μ-O)2(C21H15N3)2(H2O)2](NO3)3 were synthesized according to literature
procedures.11

Tetraphenylphosphonium sulfate
This acetonitrile-soluble compound was prepared according to the following procedure.
Tetraphenylphosphonium chloride (1082 mg, 2.88 mmol) and sodium sulfate (409 mg, 2.88
mol) were added to 8 mL of doubly distilled water. After stirring vigorously for 20 min, the
solution was extracted with 9 mL of dichloromethane. Upon drying over magnesium sulfate,
the solvent was removed with rotary evaporation under reduced pressure, giving the desired
compound as a white solid. Chloride was absent (Ag+ test) and the IR spectra showed
characteristic bands for both ions. (Yield: 63%, 790 mg, 1.81 mmol)

Electrochemistry
Electrochemical measurements were collected with an EG&G Princeton Applied Research
Model 273 potentiostat/galvanostat using a standard three-electrode configuration.
Experiments were carried out in acetonitrile solution containing 0.1 M tetrabutylammonium
perchlorate (Fluka, electrochemical grade) as the supporting electrolyte. A platinum wire
was used as the counter electrode, and a nonaqueous reference electrode of Ag/AgNO3 in
acetonitrile with saturated potassium chloride (Princeton Applied Research) was used as the
reference.

A basal plane carbon electrode was used as the working electrode to reduce background
oxidation. The electrode was composed of a brass cylinder, sheathed in a teflon tube; at the
tip of the brass, a two-part silver conducting epoxy (Alfa Aesar) was used to firmly attach
the basal plane carbon electrode surface to the brass. Finally, the tip was sealed with the
organic solvent-resistant, electrically-insulating, two-part epoxy Tra-bond 2151 (Emerson
and Cuming, Canton, Mass., USA). Immediately prior to experiments, the working electrode
was polished with 1 micron alumina paste, washed with copious amounts of water, and
allowed to dry completely. The surface of the working electrode was then resurfaced with
tape to restore the gray, basal surface.

Computational Details
Methodology

Unrestricted DFT calculations are performed using the B3LYP functional12 as implemented
in Gaussian03.13 Geometry optimizations are carried out for each electronic state without
any symmetry or geometry constraints. All transition states are relaxed towards reactants
and products using the vibrational data to confirm their nature. The geometries are
optimized with basis set I (Stuttgart-Bonn scalar relativistic RECP with the associated basis
set14 for Mn and S, and the 6-31G basis set15 for O, N, C and H). The energies given in the
text result from single-point calculations with basis set II (basis set I plus polarization
functions16 on all atoms). The spin densities are obtained from NPA17 (Natural Population
Analysis). The zero-point energy and entropy corrections are not considered.

The system under study is large but quite rigid. Nevertheless, the rotation around some σ
bonds, like the C-iPr bond, the terpy-Ph bond or the C-COOH bonds, may generate several
isomers, which are most likely to be close in energy. A full and extensive conformational

Balcells et al. Page 3

Dalton Trans. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



search has not been performed. Molecular recognition and C-H oxidation are either
promoted or avoided by selecting the appropriate structure, which is subsequently fully
optimized. These geometries are built using chemical sense, trying to keep the energy of the
system low. For instance, preliminary calculations showed that the rotation around the C-iPr
bond of the substrate yields three different conformations, all within an energy range of only
2 kcal mol−1. The most stable conformation is used in all calculations. These calculations
show that the rotation around these σ bonds will probably not have a large effect on the
energy of the system.

Models
The study of mixed valence dinuclear Mn species requires the challenging calculation of
several electronic states, with different spin distributions. The antiferromagnetic states are
optimized by means of broken-symmetry DFT calculations,18 using the ferromagnetic wave
functions as the initial guess. These calculations are computationally demanding due to the
large size of the system. The reaction mechanism is therefore studied in a model system, in
which the molecular recognition part of the catalyst, the phenylene linker and the Kemp’s
triacid, is removed (Figure 1). This simplification of the catalyst saves computational time
but keeps the essential electronic features of the system, which govern the reaction
mechanism. The apical sites of Mn1 and Mn2 are occupied by an oxo and a sulfate group
respectively, as in the real active species (vide infra). The substrate, ibuprofen, is modeled
by toluene. The nature of all stationary points found in the model study, is confirmed by
analytical calculation of their frequencies.

The molecular recognition process is studied in the full real system, considering the
association of ibuprofen with the terpy’ ligand (Figure 2). The approach of the substrate to
the catalyst was explored from both the Mn1 and Mn2 sides. We assume that the ligand on
the nonreactive side does not bind to the substrate and therefore, we replace it by
terpyridine, as in the model system, in order to save computational time. The inhibition
experiments were modeled with the real inhibitor, tert-butyl benzoic acid. In this case, the
simultaneous recognition of two molecules of substrate is explored, by considering the two
real terpy’ ligands. As in the study of the model system, all geometries are fully optimized at
the DFT(B3LYP) level. Due to the large size of the system (up to 1339 basis functions), the
calculation of the antiferromagnetic states becomes extremely difficult and the analytic
calculation of the frequencies has a high computational cost. The calculations on the
smallest system show that the ferromagnetic octet has the same qualitative reactivity as the
antiferromagnetic states. The more easily computed ferromagnetic octet state is, therefore,
the only one considered (vide infra) and frequencies are only calculated for the transition
states.

Labeling of the stationary points
In the model system, all species are labeled taking into account their electronic state: AFD
for the antiferromagnetic doublet, FS for the ferromagnetic sextet, AFD2 for the alternative
anti-ferromagnetic doublet and FO for the ferromagnetic octet (Figure 1).

In the real system, the geometries involving molecular recognition (R) are labeled
depending on which side the substrate approaches the catalyst: RMn1 for the Mn1 side and
RMn2 for the Mn2 side (Figure 2). In the absence of recognition (NR) the following labels
are used: NRA for the pathway leading to product A and NRB for the pathway leading to
product B (Scheme 2). In the inhibition (I) study, the structures are labeled considering the
nature and the number of bound substrates: IBA for one molecule of inhibitor (benzoic
acid), IBA2 for two molecules of inhibitor and IIP2 for two molecules of substrate
(ibuprofen).

Balcells et al. Page 4

Dalton Trans. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For both the model and real systems, the stationary points found along the oxidation
pathway are identified with an additional label: 1 for the H-bound complex, TS1 for the H
abstraction transition state, 2 for the hydroxo intermediate, TS2 for the OH rebound
transition state and 3 for the alcohol coordinated intermediate.

Results. Experimental Section
Nature of the Axial Ligand

In the precatalyst, the axial positions of the Mn atoms are occupied by water molecules
(Scheme 3). In the reaction mixture, these water ligands are probably replaced by
counteranions which bind more strongly to the metal and reduce the unreasonably high
tripositive charge of the system. Sulfate is a satisfactory axial ligand because it is a
signification anion component of the solution. This counteranion is present in stoichiometric
amounts and its concentration grows as the oxidant, oxone (KHSO5), is reduced. The
presence of sulphate as axial ligand is supported by previous X-ray studies on this catalyst.19

This hypothesis is also supported by CV experiments (Figure 3).

The aqueous electrochemistry of the dimanganese(III,IV) di-μ-oxo complex ([MnIII/IV
2(μ-

O)2(C15H11N3)2(H2O)2](NO3)3) has been well-studied.20 In aqueous solution, this complex
shows no detectable interaction with sulfate ions.21 In acetonitrile, it was necessary to move
from the unsubstituted terpyridine complex to the more soluble 4′-phenyl terpyridine
complex to obtain good data. Cyclic voltammetry was performed to determine the effect of
sulfate binding on the oxidation potential of the corresponding MnIII/MnIV mixed-valence
dimer. As for the unsubstituted case, the phenyl terpyridine complex gave no indication of
sulfate binding in water. In acetonitrile, however, the presence of sulfate in the form of the
PPh4

+ salt greatly modifies the CV, consistent with sulfate binding. The results can be seen
in Figure 3.

The electrochemistry of the 4′-phenyl terpyridine complex is quite similar to that of the
unsubstituted case. In MeCN solution without sulfate present, the results are shown in the
blue trace above in Figure 3. The dimer is oxidized from the MnIII/MnIV state to the MnIV/
MnIV state at ca. 860 mV. The corresponding quasi-reversible reduction from MnIV/MnIV to
MnIII/MnIV is located at ca. 740 mV. These processes are labeled as Pa

1 and Pc
1,

respectively. As has been reported previously, the cathodic wave at ca. 520 mV (in systems
both with and without sulfate present, labeled Pc

2) corresponds to reduction of a tetrameric
Mn4

IV species, formed from the MnIV/MnIV dimer in solution, back to the MnIII/MnIV

dimer.

Upon addition of sulfate (5 equiv), there is a pronounced decrease in the electrochemical
potential needed to oxidize the MnIII/MnIV dimer. The anodic peak corresponding to MnIII/
MnIV → MnIV/MnIV now occurs at ca. 715 mV; this is a shift of ca. 145 mV. Similarly, the
cathodic reduction of the MnIV/MnIV species occurs at a lower potential (ca. 680 mV). The
anodic shoulder (denoted S in Figure 3) which occurs at ca. 615 mV corresponds to an
oxidation process of tetraphenyl-phosphonium sulfate. It is interesting to note that sulfate
does not interact with the tetrameric Mn4

IV species, as the cathodic wave at ca. 520 mV
(labeled Pc

2) does not shift upon addition of sulfate.

Results. Theoretical Section
Model System. Electronic Nature of the Active Species

Several studies9 suggest that the active species in the rebound mechanism for C-H oxidation,
is an oxo complex generated in-situ by the oxidation of the catalyst (Eq. 1). In our system,
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considering sulphate as axial ligand, this complex can be formulated as [(terpy’)Mn(O)(μ-
O)2Mn(SO4)(terpy’)]+.

(1)

The electronic nature of this complex is explored considering the model system (Figure 1).
The formal oxidation states of Mn1 and Mn2 are V and IV respectively, pointing to the
mixed valence nature of this species. A similar system, with water as axial ligand bound to
Mn2 instead of sulfate, has been previously studied by Siegbahn.22 This study showed that
the MnV=O oxo group has an essentially MnIV–O• oxyl configuration (Figure 4). Thus, the
dinuclear fragment is better described as MnIV(O•)MnIV, rather than MnV(O)MnIV. The six
metal spins of this system can be arranged either in a parallel, ferromagnetic, or anti-parallel,
antiferromagnetic, fashion generating several electronic configurations. The calculations
showed that the most stable states are two antiferromagnetic doublets (AFD and AFD2), a
ferromagnetic sextet (FS) and an octet (FO).

These four electronic states are fully optimized in our chosen sulfate model (Table 1). The
most stable configuration is a doublet state, AFD, in which both Mn1,O1 and Mn1,Mn2
pairs are antiferromagnetically coupled, as shown by the spin densities (Table 1). The
simultaneous flipping of the metal spins generates an alternative doublet state, AFD2, in
which Mn1 and O1 are ferromagnetically coupled. This change in the spin distribution,
destabilizes the system by 5.7 kcal mol−1 and causes a significant elongation of the Mn=O
bond (1.80 Å in AFD, 1.88 Å in AFD2). A ferromagnetic sextet state, FS, is also accessible.
This state is only 1.9 kcal mol−1 above the the ground state, AFD, and has an antiparallel
alignement of the Mn1,O1 spins. The least stable state, FO, corresponds to a ferromagnetic
octet configuration with all spins aligned in parallel. This state is 10.8 kcal mol−1 above
AFD.

In the four electronic states, the spin density on O1 is high, varying from 0.82 to 1.11, and in
all cases close to 1.00. In addition, the Mn1-O1 bond distance, varying from 1.80 Å to 1.91
Å, is clearly longer than expected for a normal oxo group, which is ca. 1.60 Å in similar
compounds.23 The high oxygen spin density and long Mn-O distances support the Mn-O•

oxyl configuration, in contrast to the Mn=O oxo.

Interestingly, the electronic nature of the Mn(O)(μ-O)2Mn core has a low impact on the
geometry of the complex, as shown by the other bond distances involving Mn1 and Mn2,
with the sole exception noted above of Mn1-O1. Otherwise, the maximum distorsion caused
by the excitation of AFD to the other electronic states is 0.04 Å in the bridging Mn-O
distances and 0.03 Å in the Mn-N distances (Table 1).

Model System. Rebound Mechanism
The rebound mechanism has been postulated for C-H oxidation by metal oxo compounds.9
Under catalytic conditions, the first step of the mechanism is the generation of the oxo active
species (Eq. 1). This species undergoes radical H abstraction from the substrate, yielding a
metal hydroxo intermediate and a carbon radical (Eq. 2). In the final step, the OH rebound,
the radical attacks the hydroxo ligand, leading to the formation of the product (Eq 3).

(2)
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(3)

Several theoretical studies have suggested that radical character on oxygen, i.e. oxyl
character, is needed for H abstraction.10 In our system, this electronic requirement is
fulfilled by all four electronic states, including the ground state, AFD, because they have
high oxygen spin densities on the oxo group. In all cases, the O spin densities are close to
unity (e.g., 0.84 in AFD).

The H abstraction and OH rebound steps were explored in the ground state of the model
catalyst (Figure 5). The approach of toluene to AFD yields a pre-reaction complex, AFD-1,
in which a benzylic C-H is H-bonded to the oxyl group (d(CH···O1) = 2.55 Å). This species
undergoes H abstraction through the transition state AFD-TS1 yielding intermediate AFD-2
(Figure 6). In AFD-TS1, a benzylic H of toluene is transferred to the oxyl group; the
cleavage of the C-H bond (1.24 Å) is accompained by the formation of an O1-H bond (1.34
Å). The resulting product, AFD-2, is a manganese hydroxo complex bound to a PhCH2
radical, with a spin density on the benzyl carbon of 0.71. The transformation of the oxyl
group into a hydroxo group causes the elongation of the Mn1-O1 bond (1.81 Å in AFD-1;
1.85 Å in AFD-2). The H abstraction step, AFD-1 → AFD-TS1 → AFD-2, has an energy
barrier of 6.5 kcal mol−1 and is exothermic by 13.9 kcal mol−1.

The AFD-2 intermediate undergoes OH rebound with the benzyl radical. In the transition
state, AFD-TS2, the formation of the C-O1 bond (2.37 Å) is concerted with the cleavage of
the Mn1-O1 bond (1.89 Å). The relaxation of AFD-TS2 towards products yields
intermediate AFD-2, in which benzyl alcohol (d(C-O1 = 1.50 Å) remains coordinated to
Mn1 (d(Mn1···O1 = 2.09 Å). The OH rebound step, AFD-2 → AFD-TS2 → AFD-3, has an
energy barrier, ΔE‡ = 6.0 kcal mol−1, similar to the that of the H abstraction, but it is much
more exothermic, ΔE = −21.8 kcal mol−1. Once the substrate has been oxidized to the
alcohol, further oxidation to the experimentally observed carbonyl compound is a fast step
and, therefore, has not been studied.

The highest energy point along the C-H oxidation pathway is AFD-TS1, which is 3.0 kcal
mol−1 above AFD + toluene. This suggests that H abstraction is the most difficult step. In
addition, this step has a strong influence on the selectivity, because it defines which carbon
of the substrate becomes the radical centre subsequently oxidized. This critical step was,
therefore, further explored considering the other possible electronic states of the catalyst:
FS, AFD2 and FO.

The H abstraction pathway for FS runs parallel to that of AFD, being ca. 2 kcal mol−1

above in energy (Figure 7). In the AFD2 pathway, the transition state, AFD2-TS1, is 3.0
kcal mol−1 above that associated with the AFD state. The energy profiles suggest that if the
system starts reacting on the AFD2 surface, it may undergo spin-crossover to the FS surface
and after reaching the transition state, FS-TS1, it may cross back to the AFD2 surface
ending up in AFD2-2. Nevertheless, this more complex spin-crossover pathway probably
has little advantage, given the small energy difference of ca. 2 kcal mol−1 or less between
the FS and AFD2 states. The highest energy pathway corresponds to the FO state; the
maximum energy difference, ca. 7 kcal mol−1, is located between the AFD-1 and FO-1
intermediates.

The geometries of the stationary points involved in H abstraction by AFD, FS, AFD2 and
FO are compared (Table 2). In general, the key bond distances reflecting the H abstraction
process, d(Mn1-O1), d(O1-H) and d(C-H), are not affected to any great extent by changing
the electronic state. In the H-bonded intermediate, 1, these distances do not change by more
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than 0.01 Å when the system is excited from AFD to the other states. The only exception is
FO-1, in which the O1-H distance is 0.18 Å shorter than in AFD-1. In the transition state,
TS1, the maximum variation, 0.05 Å, occurs between the AFD and AFD2 states. This
variation goes down to only 0.01 Å in the hydroxo intermediate, 2, which is essentially
unaffected by the change of the electronic state.

These calculations show that the four electronic states of the catalyst studied by us have
similar reactivities in C-H bond oxidation. This is probably because all states have a similar
radical character on the apical oxygen, which determines the reactivity. The difference in
energy between the potential energy surfaces is in great part imposed by the difference in
energy between the electronic states of the catalyst.

Real System. Molecular Recognition
The selective oxidation of ibuprofen is explored considering the real catalyst,
[(terpy’)Mn(O)(μ-O)2Mn(SO4)(terpy’)]+ (Figure 2). The calculations on the FS state and
specially on the anti-ferromagnetically coupled states, AFD and AFD2, are very difficult
due to the large size of the system. In several cases, despite numerous attempts, the
convergence of these states could not be achieved. We have shown above that the geometry
and energy of the model system does not depend significantly on the electronic nature of the
Mn(O)(μ-O)2Mn(SO4) core. This suggests that this factor probably does not affect the
molecular recognition process to any great extent. The origin of the selectivity is, therefore,
only studied in the FO state, which is the easiest to calculate. Furthermore, only the H
abstraction step, 1 → TS1 → 2, which governs selectivity, is studied.

The catalyst binds to ibuprofen from the Mn1 side (Figure 2) leading to the formation of
RMn1-1 (Figure 8). In the recognition site, the carboxylic groups of the catalyst and the
substrate are bound with a double H-bond, with (C=)O···H(-O) distances of 1.60 Å and 1.62
Å (Table 3). This species undergoes radical H abstraction through the transition state
RMn1-TS1, yielding the intermediate RMn1-2. In RMn1-TS1, a benzylic H is transferred
from the CH2(i-Pr) group of ibuprofen to the oxyl group (d(O1···H = 1.37 Å, d(C···H = 1.23
Å). The transition state is reached without even weakening the double H-bond between the
substrate and the catalyst, as shown by the (C=)O···H(-O) distances of 1.62 Å and 1.63 Å.
The recognition is also maintained in the product, RMn1-2, in which the ibuprofen radical
remains anchored to the recognition site by two H-bonds (1.62 Å and 1.62 Å). The reaction
step RMn1-1 → RMn1-TS1 → RMn1-2 is exothermic by 18.9 kcal mol−1 and has a low
barrier of 5.1 kcal mol−1 (Figure 9). The subsequent OH rebound to the ibuprofen radical
and further oxidation, yields the final reaction product A.

These calculations confirm the molecular recognition model represented in Scheme 3.
Interestingly, before H abstraction, in RMn1-1, the benzylic C-H bond that needs to be
oxidized is relatively far from the reactive centre (d(O1···H = 2.63 Å). Nevertheless, the
transition state, RMn1-TS1, with a much shorter O1···H distance (1.37 Å) is reached
without loosing recognition. In addition, the energy barrier, 5.1 kcal mol−1, is only slightly
higher than that found for the FO state in the model system, 4.4 kcal mol−1, in the absence
of molecular recognition. These results suggest that the catalyst has a certain degree of
flexibility, which not only allows binding of the substrate but also attainement of the
transition state, without weakening the double H bond serving to anchor the substrate to the
catalyst.

The approach of ibuprofen from the Mn2 side was also explored. The associated reaction
pathway is analogous to that described for the Mn1 side. In the starting intermediate,
RMn2-1, ibuprofen binds to the recognition site by a double H-bond. A H radical is
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transferred to the oxyl group through the transition state RMn2-TS1 (Figure 10), leading to
the formation of a Mn hydroxo intermediate, RMn2-2.

The recognition interaction is conserved all along the reaction pathway, RMn2-1 → RMn2-
TS1 → RMn2-2. Nevertheless, this pathway is higher in energy than that seen for attack on
the Mn1 side (Figure 9). The maximum energy difference, 4.3 kcal mol−1, is found between
the transitions states. The higher relative energy of RMn2-TS1, is probably associated with
the higher degree of flexibility needed to reach the transition state. In the Mn2 side approach
the difference in the O1-H distances between 1 and TS1, 1.95 Å, is clearly larger than in the
Mn1 side approach, 1.26 Å (Table 3).

The substrate can also approach the catalyst without being recognized. Both benzylic
positions can then react yielding either product A (NRA pathway) or B (NRB pathway). In
our calculations, molecular recognition was switched off by a 180° rotation of the N-C bond
connecting the phenylene linker and the Kemp’s triacid fragment.

In the starting intermediate, NRA-1, ibuprofen binds to the reactive centre only by a H-bond
between O1 and the oxidizible C-H bond. Due to the absence of the recognition constraint,
the distance between H and O1 (2.37 Å) is much shorter than in RMn1-1 (2.63 Å) and
RMn2-1 (3.35 Å); Table 3. In the transition state, NRA-TS1 (Figure 10), a benzylic H of
the CH2(i-Pr) group is transferred to the oxyl group. The relaxation of NRA-TS1 towards
products yields the hydroxo intermediate, NRA-2. The COOH group of ibuprofen is not
recognized at any point.

The energy profile for the NRA pathway, NRA-1 → NRA-TS1 → NRA-2, with ΔE‡ = 4.1
kcal mol−1 and ΔE = −16.4 kcal mol−1, is very similar to that found for the molecular
recognition pathway, RMn1 (Figure 9). These results indicate that molecular recognition
does not affect the intrinsic reactivity of the substrate. Nevertheless, the whole NRA
pathway is shifted above the RMn1 pathway in energy. The pathway with recognition is
stabilized by the double H-bond, which does not change much along the reaction pathway.
The energy difference between both pathways is 14.2 kcal mol−1 for 1, 13.2 kcal mol−1 for
TS1 and 16.7 kcal mol−1 for 2. The mean value, 14.7 kcal mol−1, is a good estimate of the
double H-bond strength24 and, indeed, is close to the value found for the acetic acid dimer.25

The strength of this interaction will be reduced by the polar solvents used experimentally,
CH3CN or CH3CN/H2O mixtures. These calculations show that ibuprofen can react without
being recognized and yield product A. Nevertheless, the associated H abstraction pathway is
ca. 15 kcal mol−1 higher in energy than that with molecular recognition, due to the absence
of the stabilization by the double H-bond.

The approach of ibuprofen yielding the alternative reaction product, B, is also explored. In
this case, the mechanism of the reaction is different because it involves decarboxylation. In
the postulated mechanism,26 the oxidation is initiated by radical H abstraction from the
COOH group of the substrate (Eq. 4). In a subsequent step, a C radical is formed by CO2
release (Eq. 5). As in the classical OH rebound mechanism, this radical reacts with the
hydroxo intermediate yielding the oxidized product (Eq. 6).

(4)

(5)
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(6)

The first step has a great impact on selectivity because it determines which carbon of the
substrate is oxidized. The energy pathway associated with this reaction, NRB, is thus
studied in our catalytic system. In the pre-reaction complex, NRB-1, the COOH group of
ibuprofen is bound to the oxyl group by a H-bond. This OH···O1 bond is much shorter, 1.65
Å, than the CH···O bonds found in the other pathways (Table 3). The H involved in this
bond is abstracted by the oxyl group in the transition state, NRB-TS1 (Figure 10). In NRB-
TS1, the transferred H lies in between the carboxylic and oxyl oxygens (d(O···H = 1.27 Å,
d(H···O1 = 1.17 Å)). The resulting intermediate, NRB-2, contains the O radical product H-
bonded (1.73 Å) to the Mn hydroxo centre. This H abstraction process, NRB-1 → NRB-
TS1 → NRB-2, has a low energy barrier, ΔE‡ = 4.3 kcal mol−1, similar to those found for
the other pathways. Nevertheless, the reaction is less favoured thermodynamically, with ΔE
= 1.3 kcal mol−1, due to the poor stability of the O radical product.

In the absence of recognition, the transition state yielding product B, NRB-TS1, is 9.1 kcal
mol−1 below that yielding A, NRA-TS1. This suggests that without molecular recognition
the selectivity for product A will decrease dramatically, as observed experimentally.27

Nevertheless, NRB-TS1 is still 4.1 kcal mol−1 above the transition state involving
recognition, RMn1-TS1. This energy difference is small, but enough to account for the high
selectivities, >99%, obtained experimentally at room temperature.5

Real System. Inhibition
The inhibition experiments are modeled by analyzing the binding of the catalyst with the
inhibitor, tert-butyl benzoic acid (Figure 2). The recognition of one molecule of inhibitor,
leads to the formation of IBA-1 (Figure 11). In this complex, the COOH groups of the
inhibitor and the catalyst are bound through a double H-bond (1.56 Å and 1.62 Å). The t-Bu
group of the inhibitor stands above the reactive centre, but relatively far from it; the shortest
H···O1 distance is 5.36 Å.

The spacefilling models of Figure 11, show that the bulky t-Bu group of the inhibitor is able
to block the attack of unbound substrate from the Mn1 side. Nevertheless, such attack can
still happen from the Mn2 side, where there is a sterically free open pocket.

The calculations on the reaction pathways for selective C-H oxidation described above, have
shown that the approach and recognition of the substrate can happen on both the Mn1 and
Mn2 sides. This suggests that, given the high concentration of inhibitor with respect to the
catalyst, two molecules of tert-butyl benzoic acid may be recognized simultaneously,
yielding IBA2-1 (Figure 12). In this complex, there is a double H-bond in each recognition
centre, with (C=)O···H(-O) distances of 1.57 Å and 1.62 Å in both sides.

The spacefilling models show that the steric exclusion of unbound substrate is much more
efficient with two molecules of inhibitor, IBA2-1, than with only one, IBA-1. In IBA2-1,
the approach of unrecognized molecules to the oxyl centre is sterically hindered on both the
Mn1 and Mn2 sides.

Discussion
The calculations on the electronic nature of the model active species, [(terpy)Mn(O)(μ-
O)2Mn(SO4)(terpy)]+, show that the reactive centre, formally a MnV=O oxo moiety, is
indeed a MnIV-O• radical oxyl moiety. This is clearly indicated by the spin density on the
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apical oxygen, close to 1.00 (Table 1). This feature is observed in all four electronic states
characterized by us, namely AFD, FS, AFD2 and FO (Figure 4). Thus, the presence of
radical oxyl character does not depend on the spin distribution over the two metal centres.

The oxyl character of the active species is associated with the presence of a high lying singly
occupied π*(Mn=O) orbital (Figure 13). The O contribution to this antibonding orbital
accounts for the radical character of oxygen. The partial occupation of π*(Mn=O) also
accounts for the long Mn=O distances. The radical character on oxygen promotes the
cleavage of the benzyl C-H bond in a homolytic fashion. In addition, the electron vacancy in
the π*(Mn=O) orbital, increases the electrophilic character of the oxyl group. In fact, several
experimental studies have suggested that this reaction has some of the character of a
nucleophilic attack of the C-H bond on the electrophilic Mn=O group.23

The two metal centres, having a formal oxidation state of IV, are d3. These three spins can
yield two alternative configurations: a high spin configuration, Mn(↑↑↑), with a formal spin
density of 3.00, and a low spin configuration, Mn(↑↓↑), with a formal spin density of 1.00.
The spin densities calculated for Mn1 and Mn2 are close to 2.50 in all cases (Table 1),
showing that the high spin configuration is preferred because of the very small energy
splitting of the orbitals involved.

The calculations show that the four electronic states follow the energy ordering: AFD < FS
< AFD2 < FO. Nevertheless, the energy differences are small and the three most stable
states lie in a range of only ca. 5 kcal mol−1. Of course, the calculations are carried out at
the unrestricted DFT(B3LYP) level, which is not the most accurate method for these
systems, specially considering their potential multireference character. The identification of
AFD as the ground state, should thus be taken with precaution. The calculations do show
that the four states, being close in energy, are all accessible.

All relative energies, spin densities and bond distances found for [(terpy)Mn(O)(μ-
O)2Mn(SO4)(terpy)]+ are very similar to those reported by Siegbahn for [(terpy)Mn(O)(μ-
O)2Mn(OH2)(terpy)]3+,22b in the four most stable electronic states. This suggests that the
overall charge and the nature of the axial ligand bound to Mn2, only have a small influence
on the electronic nature of the bimetalic core.

The calculations on the hydroxylation of toluene by [(terpy)Mn(O)(μ-O)2Mn(SO4)(terpy)]+,
show that the rebound mechanism is feasible (Figure 5). Both the H abstraction and OH
rebound steps are exothermic and involve low energy barriers. For the lowest energy state,
AFD, the highest energy barrier, which corresponds to the H abstraction step, is only 6.5
kcal mol−1, and the overall oxidation process is exothermic by 39.2 kcal mol−1.

Study of the H abstraction step for the other electronic states, FS, AFD2 and FO, shows that
all these states are also capable of promoting homolytic C-H cleavage. This is probably
associated with the radical oxyl character, which is present in the four states. Previous
theoretical studies have shown that oxyl character is required for efficient C-H oxidation10

and oxygen evolution from water.22

The H abstraction pathways associated to AFD, FS, AFD2 and FS are very close, both in
terms of geometry (Table 2) and energy (Figure 7). The highest energy difference is 7.3 kcal
mol−1. Toluene hydroxylation can be thus promoted by any of these electronic states.

The calculations on the selective oxidation of ibuprofen by the real catalyst (Figure 8),
confirm the molecular recognition model postulated in Scheme 3. The Kemp’s triacid
fragment of the catalyst binds to the COOH group of the substrate with a double H bond,
thus protecting it from decarboxylative oxidation (product B). At the same time, the benzyl
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carbon of the CH2(i-Pr) group is exposed to the reactive centre, where it undergoes selective
oxidation to product A. We also find that ibuprofen can be recognized and react from either
the Mn1 or the Mn2 side.

Interestingly, in the initial intermediate, before H abstraction occurs, the oxidizable C-H
bond is located far from the oxyl site. Nevertheless, the catalyst is flexible enough to allow
the approach of the substrate to the reactive centre, keeping the double H bond of the
recognition site. Indeed, this interaction is maintained through the whole reaction pathway.
Without molecular recognition (Figures 9 and 10), the same reaction may also occur but it
then involves an energy pathway ca. 15 kcal mol−1 higher in energy, due to the absence of
the double H bond. An alternative view to see this selectivity is that the recognized substrate
benefits from the entropic advantage of intramolecularity, paid for by forming a double H
bond.

In principle, the oxidation of ibuprofen could also involve the primary and tertiary C-H
bonds of the iso-butyl fragment.28 This is not favored due to the intrisic reactivity of these
bonds, which is lower than that of the benzylic bond. Further, in RMn1-1, the benzylic C-H
is the closest to the reactive Mn=O moiety. The oxidation of the primary and tertiary
positions may be achieved by re-designing the molecular recognition part of the catalyst and
by re-optimizing the reaction conditions, such as temperature and concentration of the
catalyst and the substrate.

In the absence of molecular recognition, ibuprofen can undergo decarboxylative oxidation to
product B, decreasing the selectivity of the reaction (Figures 9 and 10). The H abstraction
transition state associated with this process, which involves homolytic O-H cleavage, is only
4.1 kcal mol−1 higher than that with molecular recognition. This small difference in energy
is probably due to the following two factors: 1) the presence of a strong H bond between the
COOH group of ibuprofen and the oxyl centre and 2) the lower energy barrier associated
with the cleavage of an O-H bond (product B), with respect to that associated with the
cleavage of a C-H bond (product A).

The spacefilling models of the real system, show that catalyst inhibition experimentally
observed with tert-butyl benzoic acid7 is likely to involve two molecules of inhibitor
(Figures 11 and 12). With this molecular configuration, the approach of unbound substrate
to the reactive centre is effectively shielded by the bulky t-Bu groups on both the Mn1 and
Mn2 sides.

Both substrates could be located on one side of the complex because the Kemp triacid unit
enjoys free rotation. If these substrates were both located on the anion binding site,
unrecognized substrate would have free access to the oxyl and undergo unselective reaction,
contrary to experiment.5–7 If the anion side of the complex is hydrated by trace water or
even specially strongly solvated by MeCN, it is possible that the preferred conformation is
represented by IBA2-1 (Figure 12), where both hydrophobic substrate molecules are located
on the hydrophobic side of the catalyst. This would ensure strong steric protection of the
oxyl by recognized substrate.

All these results indicate that the catalyst is probably able to recognize two molecules of
ibuprofen simultaneously. This could lead to the formation of IIP2-1 (Figure 14). In this
complex, each molecule of substrate is recognized by the formation of a double H-bond on
the oxyl face of the catalyst (1.59 Å and 1.62 Å in both cases).

The spacefilling model of RMn1-1 (Figure 14) shows that in the presence of only a single
molecule of ibuprofen, the Mn2 side of the catalyst would be open enough to allow the
attack of unbound molecules of substrate, which will diminish the selectivity of the reaction
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contrary to experiment.5 As found for catalyst inhibition, the binding of an additional
molecule of substrate to the Mn2 recognition site in IIP2-1, leads to a much more effective
protection of the reactive oxyl site; the approach of unbound substrate is sterically hindered
on both the Mn1 and Mn2 sides.

Our calculations thus suggest that there is a cooperative effect between the two recognition
sites of the catalyst. The Mn1 site recognizes the substrate and promotes selective reaction
with the oxyl group. In conjunction with this, the Mn2 site recognizes an additional
molecule of substrate, which blocks the attack of unbound substrate keeping the selectivity
high. In addition, the ibuprofen molecule bound to the Mn2 site may also react, but without
eroding selectivity since it is also recognized.

Conclusions
A combined experimental/theoretical study of the C-H oxidation of ibuprofen catalyzed by
[(terpy’)Mn(OH2)(μ-O)2Mn(OH2)(terpy’)]3+ has allowed us to identify the origin of the
high selectivity found experimentally. Cyclic voltammetry experiments, show that the
sulfate anion present in stochiometric amounts can replace water in the coordation sphere of
the MnIII/MnIV core, most likely at the more electrophilic MnIV site. Oxidation at the other
site would then lead to formation of the formally MnV=O group. Consequently,
[(terpy’)Mn(O)(μ-O)2Mn(SO4)(terpy’)]+ is considered as active species in the
computational study. The electronic structure of the catalyst is studied at the DFT(B3LYP)
level in a simplified model, in which the molecular recognition part of the terpy’ ligand is
removed. Two antiferromagnetic doublets and a ferromagnetic sextet and octet are
calculated to be relatively close in energy. All these electronic states have significant radical
character on oxygen and are all reactive in C-H oxidation. The rebound mechanism (H-
abstraction followed by OH rebound) has low energy barriers for all the states in the
oxidation of toluene. The similarity of the reactivity of these electronic states suggests that
the detailed spin distribution in the bimetallic core and the spin coupling between the two
metals, have little influence on the C-H oxidation energy profile. The relative energy
ranking of the possible reaction pathways is essentially determined by the energy ordering of
the electronic states.

The molecular recognition has been studied in the full reaction system. It is shown that the
double H bond between the catalyst and the substrate stabilizes the entire potential energy
surface, because this interaction is preserved all along the reaction pathway. Consequently,
selective C-H oxidation occurs at lower energy than without molecular recognition. The
flexibility of the catalyst allows the bound substrate to approach the reactive centre, keeping
intact the double H bond of the recognition site.

The association of the catalyst with tert-butyl benzoic acid is shown to shield the access of
unbound substrate to the reactive centre, hence preventing non selective hydroxylation. It is
also shown that the two recognition sites can be used in a cooperative manner to control the
access to the reactive centre.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Model system with the labels used in the text.
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Figure 2.
Models and labels used in the study on the origin of the selectivity: molecular recognition
from the a) Mn1 and b) Mn2 sides and c) steric exclusion of unbound substrate.
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Figure 3.
Cyclic voltammograms for the MnIII/MnIV dimer in MeCN solution (blue trace) and in
MeCN solution with sulfate (red trace).
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Figure 4.
Oxo/oxyl configurations and spin distribution in the different electronic states.
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Figure 5.
Energy profile, in kcal mol−1, for toluene oxidation by AFD.
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Figure 6.
Optimized geometries of selected stationary points in the oxidation of toluene by afd.
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Figure 7.
Energy profiles, in kcal mol−1, for H abstraction in the different electronic states.
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Figure 8.
Optimized geometries for H abstraction from recognized ibuprofen.
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Figure 9.
Energy profiles, in kcal mol−1, for H abstraction in the real system.
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Figure 10.
Optimized geometries of H abstraction transition states in the real system.
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Figure 11.
Side and top views of the catalyst bound to a single molecule of inhibitor.
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Figure 12.
Side and top views of the catalyst bound to two molecules of inhibitor.
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Figure 13.
Singly occupied π*(Mn=O) orbital in [(terpy)Mn(O)(μ-O)2Mn(SO4)(terpy)]+.
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Figure 14.
Top views of the catalyst bound to one and two molecules of ibuprofen.
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Scheme 1.
The molecular recognition strategy in selective catalysts.
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Scheme 2.
Catalytic selective oxidation of ibuprofen.
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Scheme 3.
Molecular recognition model for the selective oxidation of ibuprofen.
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Table 1

Relative energies (kcal mol−1), spin densities (ρ) and bond distances (Å) for the different electronic states of
[(terpy)Mn(O)(μ-O)2Mn(SO4)(terpy)]+. See Figure 1 for labels.

AFD FS AFD2 FO

Energy 0.0 1.9 5.7 10.8

O1 spin ρ 0.84 −0.82 1.11 1.11

Mn1 spin ρ −2.42 2.47 2.38 2.45

Mn2 spin ρ 2.51 2.55 −2.51 2.51

d(Mn1-O1) 1.80 1.80 1.88 1.91

d(Mn1-O2) 1.76 1.76 1.75 1.78

d(Mn1-O3) 1.90 1.91 1.89 1.87

d(Mn1-N1) 2.05 2.05 2.05 2.03

d(Mn1-N2) 2.02 2.02 2.02 2.01

d(Mn1-N3) 2.05 2.05 2.04 2.02

d(Mn2-O2) 1.97 1.98 2.01 1.96

d(Mn2-O3) 1.80 1.81 1.80 1.83

d(Mn2-O4) 1.80 1.80 1.80 1.80

d(Mn2-N4) 2.03 2.03 2.03 2.03

d(Mn2-N5) 2.00 2.00 2.00 1.99

d(Mn2-N6) 2.03 2.03 2.03 2.03
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Table 2

Selected bond distances (Å) for the stationary points involved in H abstraction in the different electronic
states. See Figure 1 for labels.

Mn1-O1 O1-H C-Ha

AFD-1 1.81 2.55 1.10

FS-1 1.81 2.57 1.10

AFD2-1 1.81 2.56 1.10

FO-1 1.88 2.37 1.10

AFD-TS1 1.81 1.34 1.24

FS-TS1 1.81 1.34 1.24

AFD2-TS1 1.85 1.39 1.21

FO-TS1 1.85 1.39 1.21

AFD-2 1.85 0.98 2.38

FS-2 1.85 0.98 2.38

AFD2-2 1.85 0.98 2.38

FO-2 1.85 0.98 2.37

a
CH distance for the reactive C-H bond.
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Table 3

Selected bond distances (Å) for the stationary points involved in H abstraction in the real system. See Figure 2
for labels.

O1-H O/C-Ha H-Bond1b H-Bond2c

RMn1-1 2.63 1.10 1.60 1.62

RMn1-TS1 1.37 1.23 1.63 1.62

RMn1-2 0.98 2.77 1.62 1.62

RMn2-1 3.35 1.10 1.59 1.62

RMn2-TS1 1.40 1.21 1.62 1.62

RMn2-2 0.98 3.56 1.61 1.64

NRA-1 2.37 1.10 — —

NRA-TS1 1.38 1.22 — —

NRA-2 0.98 2.54 — —

NRB-1 1.65 1.02 — —

NRB-TS1 1.17 1.27 — —

NRB-2 1.00 1.73 — —

a
C-H for product A formation and O-H for product B formation;

b
O···H distance between the H of the catalyst and the O of the substrate in the double H bond bridge;

c
O···H distance between the H of the substrate and the O of the catalyst in the double H bond bridge
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