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Abstract: The stereoselective copper-mediated hydroxylation
of intramolecular C� H bonds from tridentate ligands is
reinvestigated using DFT calculations. The computational
study aims at deciphering the mechanism of C� H hydrox-
ylation obtained after reaction of Cu(I) precursors with
dioxygen, using ligands bearing either activated (L1) or non-
activated (L2) C� H bonds. Configurational analysis allows
rationalization of the experimentally observed regio- and
stereoselectivity. The computed mechanism involves the

formation of a side-on peroxide species (P) in equilibrium with
the key intermediate bis-(μ-oxo) isomer (O) responsible for
the C� H activation step. The P/O equilibrium yields the same
activation barrier for the two complexes. However, the main
difference between the two model complexes is observed
during the C� H activation step, where the complex bearing
the non-activated C� H bonds yields a higher energy barrier,
accounting for the experimental lack of reactivity of this
complex under those conditions.

Introduction

Oxidation reactions promoted by copper-containing enzymes
are important for many vital biological processes.[1] These
oxidation reactions are, in most cases, the result of dioxygen
reductive activation at copper centers, leading to reactive Cun/
O2 species.[2–6] In particular, Cu-containing monooxygenases
catalyzing the hydroxylation of C� H bonds under mild con-
ditions and using dioxygen as co-oxidant have attracted
attention.[7–11] Copper monooxygenases active sites are structur-
ally diverse (nature of the ligands, nuclearity of the copper
active sites, etc.), a diversity that allows for a modulation of
their reactivity towards C� H bonds of different strengths from
benzylic C� H bond of dopamine (Dopamine β Monooxygenase,
DβM)7 to the inert C� H bond of methane (particulate methane
monooxygenase)[9,12] or polysaccharides (lytic polysaccharide
monooxygenase).[13,14]

Over the last decades, bioinorganic chemists have prepared
synthetic Cu complexes that mimic features of Cu-dependent
monooxygenases in order to elucidate structure-function
relationships and mechanistic pathways.[2–5,15] In particular,
computational approaches combined with experimental data
have provided valuable information on the structure and
reactivity of copper-dioxygen (Cun/O2) adducts, relevant to
reactive species involved in C� H activation steps in enzymatic
systems. Beyond fundamental aspects, the selective oxidation
of organic molecules is of great importance for many industrial
processes. Copper, an abundant metal with mild toxicity, is
finding increasing applications in oxidative functionalization of
molecules.[16–19] Therefore, understanding both the properties
and the reactivity of diverse copper–oxygen adducts remains of
great interest due to their potential in developing copper
catalysts that can oxidatively activate strong C� H bonds.

Among the approaches developed by bioinorganic chem-
ists, the so-called “substrate-ligand binding approach” consists
in introducing a substrate on the ligand scaffold so that, if a
reactive Cun/O2 species is formed, it preferentially reacts with
the internal substrate. This strategy was first reported by the
groups of Karlin,[20] Réglier,[21–24] and Itoh.[25,26] Internal ligand
oxidation has also been used by other groups to achieve the
selective and preparative hydroxylation of aromatic or aliphatic
C� H bonds.[17,27–35] Mechanistic studies have been conducted
and it was recently proposed that, with bidentate imine-
pyridine ligands, strong sp3 C� H bond activation requires the
formation of mononuclear Cu/O2 species.

[34,36] However, it is well
established that the reaction conditions and the nature of the
ligand (functions, denticity, size of chelate ring, etc.) strongly
influence the formation and reactivity of copper-based
systems.[32,36] Therefore, in the context of this work, we intend to
use computational approaches to rationalize the reactivity of
dinuclear Cu2/O2 species based on tridentate ligands.
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A few years ago, the group of Réglier designed tridentate
RPy2-type ligands (RPy2= (N,N-bis-[2-2(-pyridyl)ethyl] alkyl-
amine)) bearing either an activated (IndanylPy2= IndPy2; L1) or
non-activated (cyclopentylPy2= cPtPy2; L2) substrate. Starting
from mononuclear CuI complexes (1-L1 and 1-L2) in CH2Cl2,
different results were obtained upon exposure to dioxygen
(Scheme 1a).[22,23] Reaction with the activated ligand L1 yielded
the stereoselectively hydroxylated cis-2-amino-1-indol product
in 50% yield. When the non-activated L2 was used under the
same reaction conditions, no hydroxylation was observed
resulting in quantitative recovery of the initial ligand. In the
case of RPy2 type ligands, the reaction of CuI with dioxygen has
been shown to yield the dinuclear side-on peroxide species
Cu2

II(μ-η2:η2-O2), denoted P, which is in equilibrium with the bis-
(μ-oxo) isomer Cu2

III(μ-O)2, denoted O (Scheme 1b).[25,26,37–39] This
oxo intermediate has been proposed to be responsible for the
C� H abstraction step.[25,26] In the present paper, we investigated
the ability of such dinuclear intermediates to perform C� H
bond activation of L1 and L2 using a computational approach.

Results and Discussion

Computational approaches have been previously used to study
mononuclear[34] and dinuclear[31,40–42] Cun/O2 adducts and their
reactivity toward internal and external ligands. A detailed
quantum chemistry investigation was conducted for L1 and L2

ligands to disclose the ability of the proposed {Cu2O2}
intermediates to perform hydroxylation of C� H bonds. In

addition, the experimental stereo- and regioselectivity of the
reaction was also rationalized. A possible mechanism for
L1 hydroxylation, derived from literature studies, is displayed on
Scheme 2. Reaction of Cu(I) precursor with dioxygen leads to
the formation of the peroxide species 2-P when utilizing L1 (or
3-P for L2). The next step is the isomerization of P into the oxo
species 2-O (or 3-O for L2) which are reported as responsible for
C� H activation steps.[25,26] In the case of L1, the reaction yields
the binuclear complex 2-μOH and treatment with ammonium
hydroxide (NH4OH) leads to the release of the hydroxylated
ligand (L1-OH) with 50% yield. On the contrary, no hydroxyla-
tion is observed with L2. Different mechanistic steps were
confronted with the experimental observations to derive a
structure property relationship between the ligand effect and
the reactivity. Note that only one of the two copper-coordinat-
ing ligands gets hydroxylated upon reaction with dioxygen.
Therefore, to construct and optimize the binuclear species, we
considered model complexes holding one full ligand (L1 or L2)
on one copper center together with one truncated ligand L3 on
the other one (Scheme S1).

Ligand C� H bond-dissociation

Ligands L1 and L2 display internal substrates that are qualified
as “activated” or “non-activated”. To distinguish between them,
bond dissociation energies (BDE) were evaluated for the differ-
ent oxidizable positions of the ligands using free energy
calculations and an implicit solvation model.[43] Three different

Scheme 1. A) Schematic representation of reaction of CuI complexes with dioxygen and products formed using L1 and L2 ligands. B) Dinuclear Cu2/O2 species
identified with RPy2-type ligands C) different oxidizable positions on the ligands.
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positions were identified (Scheme 1C and Scheme S2): (1) the
hydrogens on the substrate moiety, (2) the hydrogens in α
position with respect to the central nitrogen and (3) the
hydrogen in α position with respect to the pyridines. The BDE
were calculated using the isolated ligands placed in dichloro-
methane, and results are displayed in Table 1. As expected, the
BDE values for hydrogens in positions 2 and 3 are not
significantly modified when comparing the two ligands. On the
contrary, introduction of an aromatic ring (2-indanyl vs. cyclo-
pentyl) leads to a decrease of the BDE at position 1 from
88.7 kcalmol� 1 in L2 to 80.0 kcalmol� 1 in L1. In the case of L1, the
difference in energy between the three positions is not very
important since all BDEs are found to be around 80 kcalmol� 1,
highlighting the fact that the observed regioselectivity (only
position 1 oxidized) cannot be solely explained by this
descriptor.

Peroxo-oxo isomerism

The computational investigation of dinuclear copper species
represents a major challenge due to the intrinsic nature of the
dinuclear Cu2/O2 adducts. While the Cu2

III(μ-oxo) core (O)

displays two formal Cu(III) ions bound to two bridging O2�

anions, the Cu2
II(μ-η2:η2-peroxo) isomer (P) features two Cu(II)

ions coordinated to a O2
2� ligand. The O intermediate is

formally a closed-shell system, and the P isomer is in an open-
shell arrangement. Therefore, the isomerization equilibrium
between P and O represents a bottleneck for computational
methods since the singlet ground spin state cannot be properly
described by a single determinant-methods, while multiconfi-
gurational methods remain rather costly for medium-to-big
sized systems.[44–48] Several groups recently reported that the P/
O isomerism, featuring a very strong antiferromagnetic cou-
pling for the P species, can be fairly described with a close-shell
determinant.[44,46,49–53] The exchange coupling constant J for
complex 2-P was calculated resulting in a very strong anti-
ferromagnetic interaction between the two copper ions (see
Supporting Information for details, Figures S2 and S3). Based on
this finding, we envision the first mechanistic step as the
cleavage of the O � O bond in the P complex leading to the
formation of the O species. Relaxed surface scans were
performed starting from complexes 2-P and 3-P using the O� O
distance as reaction coordinate (Figures S4 and S5). Results
show a small energy difference between the two oxo
intermediates 2-O and 3-O (isomers 2-Oax-cis and 3-Oax-cis, see
below) with an activation barrier of ΔG� =8.4 and 8.6 kcalmol� 1

via TS2-P/O and TS3-P/O, respectively (Figures 1, S1 and S5). The
refined transition states feature an O � O distance of 1.781 Å
and 1.798 Å (Figure S7) and display one single negative vibra-
tional frequency at 310 and 300 cm� 1 assigned to the breathing
mode of the O � O bonds found in the 2-P and 3-P complexes,
respectively. It is worth noting that similar results were obtained

Scheme 2. Schematic representation of the possible intermediate species in the hydroxylation reaction of L1 and L2 starting from mononuclear 1-L1 and 1-L2,
respectively. Note that hydroxylation is not observed experimentally in the case of L2.

Table 1. Bond Dissociation Energies (BDE, kcalmol� 1) for the different
positions of ligands L1 and L2 in CH2Cl2.

Ligand Position 1 Position 2 Position 3

L1 80.5 81.0 80.7
L2 88.7 79.8 80.0
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from calculations using the Nudged Elastic Band[54] method
(Figures S8 and S9). These results show that the oxo isomer,
suggested to be the reactant for the C� H abstraction step, is
thermodynamically accessible in both cases. In addition, they
highlight that the two complexes, while having different overall
reactivity, display a similar behavior for the isomerization
reaction. Thus, these findings suggest the limited influence of
the ligand on the peroxo-oxo isomerization.

Regio- and stereo-selectivity

In principle, the oxo species formed during the hydroxylation
reaction can adopt different conformations in which the
substituent moiety could be placed either in the axial or facial
position with respect to the copper centers. Additionally, the
ligands L1 and L2 feature two pro-chiral hydrogen atoms which
can potentially give rise to the trans or cis hydroxylation
products. Three different models were constructed to assess the
most stable conformer in the case of L1 (Figure 2): (1) substrate
in the axial position with cis hydrogen facing the oxo bridge
(axial-cis, 2-Oax-cis) (2) substrate in the axial position with trans
hydrogen facing the oxo bridge (axial-trans, 2-Oax-trans), and (3)
substrate in the facial position (facial, 2-Ofac). Results indicate
that the cis conformer with the cis hydrogen aligned to the Cu/
O core in 2-Oax-cis is 9.8 and 8.9 kcalmol� 1 more stable than the
trans and fac isomers (2-Oax-trans and 2-Ofac), respectively.

These data are thus supporting the observed stereoselectiv-
ity of the reaction as only the hydroxylated cis-2-amino-1-indol
product was obtained.[22,23] When conducting such calculations
for the O intermediate obtained with L2 (3-O), we reached

similar conclusions as for complex 2-O (Figures S10). Indeed,
the axial-cis position (3-Oax-cis) is 6.6 kcalmol� 1 more stable than
the facial position (3-Ofac), and 4.7 kcalmol� 1 more stable than
the axial-trans conformation (3-Oax-trans). Based on these findings
and combining the results of the NBO analysis (Figures S11–S16
and Table S1), we restricted our computational study utilizing
only the conformations having the substrate moieties in the
axial-cis positions, i. e., 2-Oax-cis and 3-Oax-cis.

Finally, the regioselectivity of the experimentally observed
oxidation in the case of L1 can also be explained by scrutinizing
the favored isomer 2-Oax-cis. In the optimized structures of 2-Oax-

cis, one can see that the hydrogen in position 2 is not located
close to the Cu2(μ-O)2 core preventing from any intramolecular
hydrogen abstraction at this position (Figure S6). In addition,
the hydrogen in position 1 was found to be closer to the Cu2(μ-
O)2 core than the one in position 3 (1.934 vs. 2.209 Å)
(Figure S6). The optimized structure of 2-Oax-cis therefore
accounts both for the experimentally observed regio- and
stereo-selectivity of the intramolecular hydroxylation reaction.
These findings are further supported by NBO analysis (see
Supporting Information for details).

Hydroxylation reaction

To further corroborate the above conclusions, we then consid-
ered the next step of the overall reaction: the C� H activation
step. We performed relaxed surface scans, starting from
complexes 2-O and 3-O, and using the O� H distance as reaction
coordinate (Figures S19 and S20). Activation of the C� H bond of
2-O via TS2-O/2-OH into complex 2-OH is associated with an
activation barrier of ΔG� =1.9 kcalmol� 1 with respect to the
oxo species (Figure 3 and Figure S1). The optimized transition
state features a hydrogen-carbon distance of 1.376 Å and a
single negative vibrational frequency of 610 cm� 1 correspond-

Figure 1. Computed reaction pathway of the peroxo-oxo isomerization
involving the 2-P (red path) and 3-P (blue path) complexes. Free energies
are reported in kcal.mol� 1 and complexes 2-P and 3-P are used as reference
for their corresponding pathway, i. e., 2-indanyl or cyclopentyl. Hydrogen
atoms were removed for clarity.

Figure 2. Possible isomers of 2-O with L1 ligand and their relative stabilities.
Free energies are reported in kcal mol� 1 and hydrogen atoms were removed
for clarity, except for hydrogen involved in the C� H activation.
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ing to the hydrogen abstraction from the 2-indanyl moiety
towards the oxygen of the oxo bridging ligand of the complex
(Figure S21). Furthermore, formation of intermediate 2-OH is
strongly exergonic, featuring a reaction free energy ΔG0=

� 28.1 kcalmol� 1 with respect to the oxo complex 2-O (Fig-
ure 3). After hydroxylation, another step was described in the
literature involving a proton transfer and the subsequent
coordination of the hydroxylated moiety to form 2-μOH, a
dinuclear copper(II) (μ-oxo)(μ-hydroxo) complex.[25,26] Once
again, this step is found to be highly exergonic with a reaction
free energy ΔG0= � 56.3 kcalmol� 1 with respect to complex 2-O
(Figure 3).

Interestingly, when looking at the overall computed mech-
anism for the L1-based model (Figure S1), it can be observed
that the H-abstraction step has a rather low activation barrier as
compared to the P/O isomerization step (1.9 vs. 8.4 kcalmol� 1,
respectively). This suggests that P/O isomerization accounts for
the rate determining step (r.d.s) of the reaction. These findings
are in agreement with conclusions driven from kinetic studies
by the group of Itoh with similar ligand systems.[25,26]

A much larger activation barrier of ΔG� =10.0 kcalmol� 1

was computed for the C� H-abstraction by the oxo species 3-O
via TS3-O/3-OH into complex 3-OH. The optimized transition state
features a hydrogen-carbon distance of 1.546 Å and a single
negative vibrational frequency of 405 cm� 1 corresponding to
the hydrogen abstraction from the cyclopentyl moiety towards
the oxygen of the oxo bridge of the complex 3-OH (Figure S21).
Moreover, it is worth noting that the resulting hydroxylated
moiety of complex 3-OH does not coordinate the copper metal
centers as for the case of L1-based complex 2-O. Finally, we
want to emphasize that all above results are consistent with
those obtained from calculations using the Nudged Elastic
Band[54] method (Figures S22 and S23). These results are further
supported by NBO analysis showing the existence of several
stabilizing interactions between the indanyl and pyridine
moieties of L1 (Figures S24–S26). Indeed, in the structure of
complex 2-O, two hydrogen atoms from a pyridine ligand on
the other copper are found at distances of 2.767 and 3.472 Å
from the indanyl centroid, respectively (Figure S26). Therefore,
one can assume that the T-shaped edge-to-face conformation
of the aromatic rings present in complex 2-O will lead to

Figure 3. Computed reaction pathway of the hydroxylation reaction involving the 2-O (red path) and 3-O (blue path) complexes. Free energies are reported in
kcal mol� 1 and complexes 2-O and 3-O are used as reference. Hydrogen atoms were removed for clarity except the one involved in the reactivity.
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additional interactions that are not operative in 3-O.[55] These
non-covalent interactions possibly act as one of the driving
forces during the hydroxylation step leading to a smaller
relative barrier for H-abstraction in 2-O when compared to 3-O.

Our findings are thus consistent with the difference in
reactivity observed when using ligand L1 and L2, respectively,
and provide a solid basis to rationalize the previous exper-
imental observations.

Conclusion

Hydroxylation of strong C� H bonds remains a challenging
reaction. Using substrate-binding ligand approaches, several
groups have observed non-activated C� H bond hydroxylation
starting from Cu(I) or Cu(II) complexes placed in the presence of
dioxygen or hydrogen peroxide.[17] In the case of bidentate
ligands, it has been suggested that the reaction proceeds
through the formation of mononuclear Cu(II)OOH entities,
probably precursors of more oxidizing copper
intermediates.[34–36] With ligands of higher denticity, dinuclear
{Cu2O2} cores are proposed to be formed.

In the present work, we report a detailed computational
mechanistic study of copper-mediated stereoselective intra-
molecular hydroxylation of C� H bond of tridentate RPy2-type
ligands.[22,23] To the best of our knowledge, the computational
mechanistic study of O-type intermediates reactivity for intra-
molecular hydroxylation with tridentate ligands has not been
addressed before. The present study provides a rationale for the
experimental observations, addressing the regio- and stereo-
selectivity of benzylic C� H bond hydroxylation (L1), and the lack
of strong C� H bond activation of cyclopentyl substituent (L2).
We have computationally investigated the dinuclear side-on
peroxide species (P) Cu2

II(μ-η2:η2-O2) and the key intermediate
bis-(μ-oxo) isomer (O) Cu2

III(μ-O)2 that is proposed to be
responsible for the C� H activation step.[25,26] In the case of
indanyl-containing ligand (L1), the P/O isomerization is found to
be the r.d.s followed by a low-energy barrier H-abstraction step
by the subsequently formed O intermediate. We found that the
P/O isomerization is not significantly affected by the nature of
the substrate on the ligand. However, the H-abstraction step
from the cyclopentyl substituent (L2) requires a significant
activation energy as compared to the 2-indanyl one (L1)
explaining the absence of hydroxylation as it was reported
experimentally. Our results therefore provide an explanation for
low reactivity of O species based on tridentate RPy2 ligands for
strong C� H bond activation.

Interestingly, when Cu(II) precursors were placed in the
presence of reducing agent (benzoin) and dioxygen, non-
activated C� H bond hydroxylation was achieved.[22,23] This raises
the question of the nature of the intermediates formed under
these conditions. Further work is currently in progress to
address this question.

Experimental Section
All calculations were based on the Density Functional Theory (DFT)
and were performed using the ORCA 4.2 program package.[56] Full
geometry optimizations were carried out for all complexes in the
high-spin state using the pure GGA functional BP86[57–59] in
combination with the def2-TZVP[60,61] basis sets for all atoms.
Dispersion correction was applied according to the method
developed by Grimmer with the Becke-Johnson damping scheme
(D3BJ).[62,63] Computational times were reduced by taking advantage
of the resolution of the identity (RI) approximation in the Split-RI� J
variant[64] with the appropriate Coulomb fitting sets.[65] Increased
integration grids (Grid4 in ORCA convention) and tight SCF
convergence criteria were used. To agree with the experimental
conditions, calculations were performed in dichloromethane sol-
vent by invoking the Control of the Conductor-like Polarizable
Continuum Model (CPCM).[43] To ensure that the resulting structures
converged to a local minimum on the potential energy surface,
frequency calculations were performed and resulted in only positive
normal vibrations for geometry optimizations, and in a single
significant negative normal vibration for transitions state calcula-
tions. Relaxed surface scans were performed for both peroxo-oxo
isomerization and hydroxylation reactions using the BP86
functional[57–59] with the def2-TZVP basis sets[60,61] for all atoms.
Nudged Elastic Band method[54] was performed to verify the
connection between minima and transition state for both peroxo-
oxo isomerization and hydroxylation reactions. Gibbs free energies
were computed from the optimized structures as a sum of
electronic energy, solvation, and thermal corrections to the free
energy. Natural Bond Orbital (NBO) analysis[66] was performed using
the BP86[57–59] functional with the def2-TZVP[60,61] basis sets using the
Gaussian 09 program package.[67] All chemical structure images
were generated using Chemcraft.[68]
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