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ABSTRACT: C–F bonds are one of the most inert functionalities. Nevertheless, some [Cu2O2]2+ species are able to defluorinate-

hydroxylate ortho-fluorophenolates in a chemoselective manner over other ortho-halophenolates. Albeit it is known that such reac-

tivity is promoted by an electrophilic attack of a [Cu2O2]
2+ core over the arene ring, the crucial details of the mechanism that explain 

the chemo and regioselectivity of the reaction species remain unknown, and it has not being determined either if CuII
2(

2:2-O2) or 

CuIII
2(µ-O)2 species are responsible for the initial attack on the arene. Herein, we present a combined theoretical and experimental 

mechanistic study to unravel the origin of the chemo-selectivity of the ortho-defluorination-hydroxylation of 2-halophenolates by the 

[Cu2(O)2(DBED)2]2+ complex. Our results show that the equilibria between (side-on)peroxo (P) and bis(μ-oxo) (O) isomers plays 
a key role in the mechanism, being the latter the reactive species. Furthermore, on the basis of quantum mechanical calculations, 

we have been able to rationalize the chemoselective preference of [Cu2(O)2(DBED)2]2+ catalyst for the C–F activation over C–Cl and 

C–H activations. 

INTRODUCTION  

The high electronegativity of fluorine strongly polarizes and 

shortens C–F bonds, reinforcing the ionic component of the 

chemical bond. As consequence, the C–F has the largest C–X 

(X=F, Cl, Br, I) dissociation energy (up to 130 kcal·mol-1).1 

Thus, C–F is considered the most inert organic functionality, 

which confers a high thermal stability to the fluorinated organic 

compounds. Due to the increment of the lipophilicity caused by 

the fluorination, fluorinated drugs present larger in vivo resi-

dence times than their non-fluorinated counterparts.2, 3 There-

fore, fluorinated compounds are of great interest in medicinal 

chemistry and agrochemistry.2 On the other hand, fluorinated 

compounds are also currently in the spotlight since their metab-

olization is very difficult due to the aforementioned high stabil-

ity, which triggers their bioaccumulation and environmental 

persistence. This scenario pops up a dilemma since we are fac-

ing two sides of the same coin. The particular properties of 

fluorinated organic molecules make them interesting for medic-

inal chemistry or agrochemistry. However, they are also respon-

sible for their bioaccumulation and biomagnification.4, 5 There-

fore, finding strategies to promote activation and subsequent 

transformation of C–F bonds into more reactive functionalities 

is the key to facilitate the degradation of the fluorinated organic 

molecules.  

In nature, aliphatic and aromatic fluorinated compounds can be 

enzymatically functionalized. In particular, the defluorination 

of aromatics occurs in cytochrome P450, chloroperoxidase and 

FAD-containing phenol hydroxylases, which can convert 2-

fluorophenols into the corresponding chatecols.6-8 On the con-
trary, tyrosinase, which is efficient in the ortho-hydroxyla-
tion of phenols, cannot ortho-defluorinate-hydroxylate 2-
fluorophenols.9, 10 Indeed, 2-flurophenols inhibit the catalytic 

activity of tyrosinase. The active species of this enzyme consists 

on a (η2:η2-peroxo)dicopper (II) species (P) which is able to hy-

droxylate phenols through an electrophilic aromatic substitu-

tion. Some of us have shown that bioinspired systems such as 

[CuIII
2(-O)2(m-XYLMeAN)]2+ and [Cu2(-η2:η2-O2)(OBED)2]

2+ 

(Figure 1) elicit the hydroxylation-defluorination of 2-fluoro-

phenolates to give the corresponding catechols.11 In contrast, 

other model systems such as [Cu2(-η2:η2-O2)(L
Py2Bz)2]

2+ are 

unable to cleave the C–F bond. Although the peroxo (P) species 

is the most stable isomer of both [Cu2(-η2:η2-O2)(OBED)2]
2+ 

and [Cu2(-η2:η2-O2)(L
Py2Bz)2]

2+, the former is in equilibrium 

with the bis(μ-oxo)dicopper(III) (O) isomer. This led us to con-

sider that the latter isomer is the active species in the defluori-

nation of 2-fluorophenols (Figure 1).12, 13, 14 

 
Figure 1. Three Cu2O2-based species. Tick marks indicate that 

defluorination-hydroxylation products are obtained, whereas the 

red cross indicates the opposite.  

 



 

In the case of [CuIII
2(-O)2(m-XYLMeAN)]2+ only the O isomer 

is observed,15 further supporting the idea that this isomer is the 

only competent to carry out the defluorination reaction.11 Of rel-

evance to these observations, high valent iron-oxo and iron 

manganese species have also shown analogous reactivity.16-20 In 

addition, de Visser and co-workers showed that a μ-nitrido 

diiron phthalocyanine complex is able to activate and hydrox-

ylate the C-F bonds of hexafluorobenzene derivatives.21 

In this work, theory and experiments are combined to determine 

the details of the mechanism of the selective ortho-hydroxyla-

tion–defluorination of 2-fluorophenolates with [Cu2O2 

(DBED)2]
2+ (1), a compound first described by Stack and co-

workers.12, 13 Specifically, our study was directed to address the 

following questions; to unravel which is the actual defluorina-

tion-oxygenation agent, either P or O species, (1P and 1O, Fig-

ure 2). Both isomers have been experimentally detected for this 

system: The P isomer is generated upon reaction of the cop-

per(I) precursor with O2, while the O compound is experimen-

tally detected upon coordination of a phenolic substrate to P. A 

second aspect to clarify is the origin of the selective oxygena-

tion at the ortho C–F over the ortho C–H position in the reaction 

with 2-fluorophenols, despite the former was devised as more 

electron poor than the latter. Finally, the study aimed at explain-

ing while C–Cl bonds, weaker than C–F bonds, remain unreac-

tive. 

 

 
Figure 2. Schematic representation of the two studied isomers of 

[Cu2O2(DBED)2]2+ (1): the (η2:η2-peroxo)dicopper(II) species, 
(1P, left) and the bis(μ-oxo)dicopper(III) species, (1O, right). 

 

 COMPUTATIONAL DETAILS 

The computationally-aided modelling of [Cu2O2]
2+-based com-

pounds for the defluorination-hydroxylation of fluorophenols 

has been exploited in the last decade, yet is not an easy task.22-

25 Due to the high number of electrons that must be correlated, 

multireference methods have not been extensively used to study 

[Cu2O2]
2+ reactivity. Density functional theory (DFT) arises as 

a powerful alternative to study these compounds due to its good 

accuracy/cost balance.26, 27 However, some important consider-

ations must be taken into account. In particular, and of high in-

terest for the current manuscript, is that an unequivocal charac-

terization of [Cu2O2]
2+ isomerization equilibria is certainly quite 

difficult to achieve by DFT means.26, 28, 29 Whereas (end-

on)peroxo/(side-on)peroxo isomerization equilibria is usually 

well described by hybrid functionals, (side-on)peroxo/bis(μ-

oxo) (P/O) equilibria presented by 1 is better described by pure 

functionals.30 Hybrid functionals tend to under-stabilize bis(μ-

oxo) species, being the magnitude of the under-stabilization 

proportional to the amount of exact exchange introduced in the 

functional definition. Therefore, we have performed the DFT 

calculations using a pure functional. Nevertheless, the DFT re-

sults of the P/O equilibria, which have a key relevance in the 

present manuscript, were improved with DLPNO-CCSD(T) 

calculations, which produces more reliable predictions than 

DFT.31-34  

DFT electronic structure calculations were performed with 

Gaussian 09 software package35 using the spin-unrestricted 

UM06-L36 density functional. For the geometric optimizations 

the molecular orbitals were spanned into the Pople-type 6-

311G(d) basis set37, 38 (Method A). Singlet (both open and 

closed shell) and triplet spin symmetries were explored, report-

ing always the most stable one. The nature of the stationary 

points was determined by analytical frequency calculations. To 

compute subsequent Gibbs free energy corrections, the temper-

ature was set up at 183.15K to simulate the experimental con-

ditions. Furthermore, the connection between TS and interme-

diates was unambiguously stablished by intrinsic reaction path 

calculations (IRC),39 using the local quadratic approximation to 

determine the prediction step.40 All DFT energy values were 

systematically improved by evaluating the electronic structures 

of the optimized geometries using the Dunning’s correlation 

consistent triple-ζ basis set cc-pVTZ, suppressing the functions 

with higher angular momentum only for the Cu atoms (cc-

pVTZ-g)41, 42 and introducing solvation (acetone) effects 

through SMD model (Method B).43 Spin-contamination was re-

moved if necessary by using the following expressions:26, 44, 45 
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where ES and E(S+1) are the broken-symmetry DFT energies for 

the S and S+1 spin states, respectively, obtained at UM06-L/cc-

pVTZ-g~SMD level of theory. 〈Ss2〉 and 〈S(s+1)2〉 are the expec-

tation values of the square total spin momentum obtained at the 

same level of theory for the S and S+1 spin states, respectively. 

And Espin-corr is the spin-corrected DFT electronic energy. In this 

manner, a parameter takes into account the amount of spin con-

tamination on S state due to S+1 state.  

ORCA 4.1.0 software package46 was used for the domain-local 

pair natural orbitals coupled cluster with singles, doubles and 

perturbative triples, DLPNO-CCSD(T), single point energy cal-

culations, together with cc-pVTZ basis set (and cc-pVTZ as 

auxiliary basis) and SMD solvent corrections. TightPNO cut-

offs were set for the transformation of the orbitals into the 

DLPNOs. TightSCF criterion was set for the convergence of the 

SCF and the CC iterations.  

The values of T1 diagnostic of all DLPNO-CCSD calculations 

were always lower than 0.024, indicating that most of the cor-

relation energy is captured by DLPNO-CCSD(T) method. 

Therefore, there is no evidence of requiring multi-referential 

calculations to obtain a good description of the studied species. 

RESULTS AND DISCUSSION 

In order to address the questions described at the end of the in-

troduction, we have performed a detailed computational study 

of the ortho-defluorination-hydroxylation mechanism of 2-

fluorophenolate and 2,6-difluorophenolate promoted by 1. 

 



 

 
Figure 3. Schematic representation of the ortho-defluorination-hydroxylation reaction mechanism (Path A) and the competing ortho-hydrox-

ylation reaction mechanism (Path B). The proton source in final steps is HClO4 (0.5M). In the path A, the source of electrons of the last step 

is given by an external reducing agent (ascorbate or Zn powder),11 or in its absence, by an intermolecular decomposition of a second Cu2O2 

complex. 

 
Figure 4. A Relative stability (kcal·mol-1) of 1P/1O and 2P/2O computed at DLPNO-CCSD(T)/cc-pVTZ~SMD//M06-L/6-331G(d) level. B 

Reactive 2O conformers for 2-fluorophenolate and 2,6-difluorophenolate (apical coordination), and 6-chloro-2-fluorophenolate (basal coor-

dination). 

 

 
Figure 5. Five possible attacks studied in this manuscript over 

2-fluorophenolate, 2,6-difluorophenolate and 6-chloro-2-fluor-

ophenolate. 

Furthermore, we investigated the chemo-selectivity that 1 exhibits 

on the C–F bond activation over C–H or C–Cl bond activations for 

2-fluorophenolate and 2-chloro-6-fluorophenolate. Therefore, a to-

tal of 5 different possible reaction paths were studied (Figure 5). 

The proposed mechanism of ortho-defluorination-hydroxyla-

tion of 2-fluorophenolate compounds carried out by 1 presents 

two principal steps (Figure 3). The first main step is the electro-

philic attack of the [Cu2O2]
2+ core to the aromatic ring, that im-

plies the pyramidalization of the attacked carbon. This C–X ac-

tivation can occur at each of the two phenolate ortho positions, 

giving two possible reaction paths, Path A or Path B, which will 

be indicated using either A or B subscripts in the name of the 

intermediates and TSs. The second main step is given by the 

rearomatization of the substrate that leads to the catechol prod-

uct either by the transfer of the halogen to one of the metals 

(Path A, ortho-defluorination-hydroxylation reaction), or 

through the proton abstraction by the remaining oxygen atom 

of the core (Path B, ortho-hydroxylation). Path A has some im-

portant differences with respect to the mechanism of defluori-

nation-hydroxylation of hexafluorobenzene catalyzed by a μ-

nitrido diiron phthalocyanine complex. In the latter case a ke-

tone intermediate is formed after a 1,2-fluoride shift and only 

one transition metal is involved in the C-F activation.21 How-

ever, in both defluorination-hydroxylation mechanisms the re-

aromatization of the ring plays a key role. 

1 is formed in situ by the reaction of [CuI(DBED)(CH3CN)]1+ 

and atmospheric oxygen.11 Although the most stable isomer is 

the species 1P, this compound may be in equilibrium with its 

bis(μ-oxo)dicopper(III) isomer, 1O. The first requirement to elu-

cidate the reaction mechanism is to determine which is the ac-

tual reactive species, 1P or 1O. Spectroscopic monitoring of the 

reaction of 1P with fluorophenolates (vide infra) reveals that it 

proceeds via an initial phenolate binding to one of the copper 

atoms. Consequently, using 2-fluorophenolate as a model sub-

strate, we computed the relative Gibbs energies of P and O iso-

mers either without (1P/1O) or with (2P/2O)



 

 
Figure 6. Two different views of the non-covalent attractive interaction isosurfaces generated by NCIPLOT for 3FF intermediate. 

 

2-fluorophenolatecoordinated to the complex at DLPNO-

CCSD(T)/cc-pVTZ~SMD//M06-L/6-331G(d) level of theory. 

In absence of substrate, 1P species is 4.1 kcal·mol-1 more stable 

than 1O. However, upon substrate coordination, this behavior is 

reversed and 2O becomes 3.6 kcal·mol-1 more stable than 2P 

(Figure 4A). These results are in line with those previously de-

scribed by Stack and coworkers, indicating that conversion to 

the O isomer occurs when P coordinates to a phenolic sub-

strate.12 

Thus, DLPNO-CCSD(T) single point calculations agree with 

the experimental observation that when the Cu2O2 species is 

generated by reaction of the copper(I) precursor 

[CuI(DBED)(CH3CN)]+ with O2, the main isomer is 1P. How-

ever, upon addition of the phenolic substrate in the reaction 

mixture, the equilibrium is shifted towards 2O. Therefore, we 

placed the focus of our study on the 2O species, although both 

2O and 2P isomers were considered as possible active species of 

the reaction mechanism.  

It is worth highlighting that for all fluorophenolate substrates 

studied both apical and basal coordination motifs (with respect 

to the N2CuO2 plane) were explored and, in all cases, the former 

was the most stable. However, for the particular case of the at-

tack over the position 6 of 6-chloro-2-fluorophenolate, we were 

only able to find the transition state corresponding to the elec-

trophilic attack for the isomer presenting basal coordination 

(Figure 4B). In this case, the activation barrier corresponding to 

the C-F activation, the reaction observed experimentally, is 

smaller than the barrier associated with a hypothetical C-Cl 

cleavage, which therefore is irrelevant.  

The first step of the reaction corresponds to a non-covalent at-

tractive interaction between the reactive halogen (F or Cl) with 

the less coordinatively-saturated Cu, giving intermediate 3. 

Within crystal field theory, for a square-planar Cu(III) center, 

all d orbitals are occupied but the dx
2
-y

2, which does not have the 

proper symmetry to form an apical bond. Therefore, combina-

tion of the dz
2 of the Cu(III) and one lone pair of the halogen 

leads to a non-bonding covalent interaction. However, there ex-

ists a non-covalent attractive interaction between the halogen 

and the Cu(III), as it can be seen in attractive interaction isosur-

faces generated by the NCIPLOT47, 48 program based on the 

real-space analysis of the reduced density gradient (see Figure 

6 and SI). 

 

 
Figure 7. Molecular orbital energy diagram of the six frontier or-

bitals of 2F. Copper complex simplified for clarity. 



 

Along with the aforementioned Cu–X interaction, the C–X 

bond is slightly elongated (from 1.35 to 1.38 Å). This key at-

tractive interaction does not exist for the attack at position 6 of 

2-fluorophenolate, because the proton obviously does not have 

a lone pair to interact with the Cu(III). Therefore, for the com-

peting C–H ortho-hydroxylation reaction intermediate 3H does 

not exist. 

For all substrates, the next step of the reaction is an electrophilic 

attack of the [Cu2O2]
2+ core to the aromatic ring. This attack is 

ruled by the electrophilic character of the Cu, and therefore it is 

particularly favored in the bis(μ-oxo)dicopper(III) 2O isomer 

compared to the (η2:η2-peroxo)dicopper(II) 2P species (See SI 

for details). The HOMO of the intermediate 3 is mainly located 

over the arene, which agrees with its electrophilic character, 

while the LUMO is an antibonding orbital mainly placed on the 

[Cu2O2]
2+ core, which agrees with its nucleophilic character 

(Figure 7). In the transition state of this step, which corresponds 

to the rate determining step (r.d.s.) of the reaction, the C–X 

(TS1A) or C–H (TS1B) bond is elongated while the C–O dis-

tance is shortened and the attacked carbon of the aromatic ring 

is pyramidalized. The apical attack of the [Cu2O2]
2+ to the arene 

cannot be explained only with the participation of the HOMO 

and LUMO, and for instance the apical attack to the 2,6-difluor-

ophenolate requires the participation of the HOMO-2 and 

LUMO+2 orbitals. (Figure 7). 

 
Figure 8. Calculated free-energy profiles at the UM06-L/cc-pVTZ-g~SMD//UM06-L/6-311G(d) level of theory for 2-fluorophenolate (top), 

2,6-difluorophenolate and 6-chloro-2-fluorophenolate (bottom) substrates. Gibbs free energies (G, in kcal·mol-1) are relative to 2O. 

 



 

To confirm the electrophilic nature of the attack of the Cu2O2 

over the aromatic ring, a Hammett plot was experimentally de-

termined. Compound 1P was generated at -80 ºC in Me-THF 

upon reaction of the copper(I) precursor [Cu(DBED)(CH3CN)]+ 

with O2. This process was monitored by UV-vis spectroscopy. 

Once 1P was fully formed, the temperature was lowered to -110 

ºC and the appropriate amount of sodium 2-fluoro-4-Y-pheno-

late (Y = Cl, F, H, CH3) was added. This resulted in the for-

mation of the corresponding 2O species, in which the bis(μ-oxo) 

core is bound to the phenolate. Experimental characterization of 

2O was solely done by comparison of the UV-vis spectra with 

those of analogous species previously generated for m-

XYLMeAN systems11 and taking into account that analogous spe-

cies have been experimentally detected for the DBED system 

with 2-tert-butyl-4-Y-phenolates.12 Decay of the UV-Vis spec-

troscopic features of 2O showed a first order kinetics and could 

be adjusted to a single exponential function. The decay rate (k) 

was dependent on the nature of the para-substituent Y. Thus, 

plotting the logarithm of the decay rate (k) as a function of the 

Hammett parameter of the para-substituent (p) resulted in a 

linear correlation with a negative slope ( = -3.5, Figure 9) in-

dicative of an electrophilic attack over the aromatic ring, which 

agrees with the proposed mechanism based on theoretical cal-

culations. The intermediates 4A of path A contain a dearoma-

tized ring presenting one nearly-sp3 carbon bound to both the 

reactive oxygen from the [Cu2O2]
2+ core and the halogen. This 

halogen (either Cl or F) is strongly interacting with the closest 

Cu. For the attack at position 6 of 2-fluorophenolate (path B), 

intermediate 4B is generated. This intermediate presents also 

one nearly-sp3 carbon, but in this case, it is bound to the reactive 

oxygen from the [Cu2O2]
2+ core and one proton. The main dif-

ference of 4B with respect to 4A is that the proton cannot interact 

with the Cu(III), ultimately determining the reactivity of 4B. 

Neither 4A nor 4B are stable intermediates and quickly rearoma-

tize and evolve to the final product. For path A, such product 

(5A) is obtained through a halogen transfer from the aromatic 

ring to the metal. Due to the inclusion of the entropic and ther-

mal corrections, the Gibbs energy barriers of the halogen trans-

fers are close to zero or even negative, indicating that this step 

is a barrierless process. Interestingly, for the attack at chlorine 

position of 2-chloro-6-fluorophenolate, the intermediate 4A 

does not exist and TS1A evolves directly to products in a con-

certed asynchronous manner (confirmed by IRC calculations). 

 

 
Figure 9. Experimental Hammett plot. 

 

 

For the alterative ortho C–H oxygenation, the mechanism ho-

mologous to path A would lead to a Cu–H species, which has 

not been experimentally detected. Computationally, for 2-fluor-

ophenolate, the formation of the copper hydride is endergonic 

by 15 kcal·mol-1. Instead, the path B mechanism leads to kinet-

ically and thermodynamically favorable pathway for the ortho-

hydroxylation of the 2-halophenolates. This path differs from 

path A at intermediate 4B, which suffers a quasi-barrierless pro-

ton transfer to the remaining oxygen of the [Cu2O2]
2+ core form-

ing an OH group. In the transition state of this step (TS2B) the 

substrate rearomatizes. To do so, the nearly-sp3 carbon formed 

in the previous step has to become sp2 again, releasing the pro-

ton. This proton is very close in space to the remaining O of the 

[Cu2O2]
2+ core, which ultimately will be transferred to (Figure 

8, top). The formation of the final product, 5B is highly exer-

gonic (i.e. G = -60.9 kcal·mol-1 ). 
 

The computed energy barriers (∆G‡) determined by TS1, from 

lowest to highest, are 9.3 kcal·mol-1 for the C–F activation of 2-

chloro-6-fluorophenolate, 11.7 kcal·mol-1 for the C–F activa-

tion of 2,6-difluorophenolate, 14.5 kcal·mol-1 for C–F activa-

tion of 2-fluorophenolate, 15.5 kcal·mol-1 for the C–H activa-

tion of 2-fluorophenolate and 15.6 kcal·mol-1 for the C–Cl acti-

vation of 2-chloro-6-fluorophenolate. These DFT barriers are in 

fully agreement with observed chemoselectivities. The attack 

on fluoride instead of chloride in 2-chloro-6-fluorophenolate is 

6.3 kcal·mol-1 more favorable, which is in concordance with the 

fact that experimentally only the ortho-defluorination is ob-

served.11 For case of 2-fluorophenolate substrate, for which 

both Path A and Path B are possible, the attack on C–F (Path A) 

is 1 kcal·mol-1 more favored compared with the attack on C–H 

(Path B), again in reasonable agreement with the fact that both 

products are obtained although the ortho-defluorination is the 

major reaction (18:1 C–F vs C–H oxygenation, 38% total 

yield). 

 

The precision of the computed reaction barriers was checked by 

experimentally measuring the decay rate of 2O formed in the 

reaction of 1P with sodium 2,6-difluorophenolate at different 

temperatures via an Eyring plot analysis (see SI for details). The 

experimentally derived ∆G‡exp is 11.8±0.6 kcal·mol-1, which is 
in excellent agreement with the aforementioned computed 
∆G‡calc =11.7 kcal·mol-1. Indeed, the difference between the 
experimental and theoretical ΔG‡ is far lower than the DFT 
or experimental errors. 
 
Once the reactivity for the bis(μ-oxo) catalyst was understood, 

we computationally analyzed whether the η2:η2-peroxo species 

could present the same reactivity. We performed linear transit 

calculations starting from 2P and exploring the electrophilic at-

tacks from both oxygens to the aromatic ring at UM06-L/6-

311G(d) level.  

The energy profiles presented in Figure 10 were obtained per-

forming relaxed potential energy surface (PES) scan calcula-

tions with respect to Csp2–O distances. Both linear transits were 

targeting a transition state equivalent to TS1A. At this level of 

theory, species 2P is 7.0 kcal·mol-1 higher in energy than 2O, 

preserving DLPNO-CCSD(T) trends. 
  



 

 

 
Figure 10. Schematic representation of linear transit calcula-

tions starting from 2P using C–O1 (green) and C–O2 (red) dis-

tances as reaction coordinate. DBED ligand omitted for clarity. 

 

In the first linear transit calculation, the O1 is approached to the 

C of the C–F bond. At the beginning of the relaxed scan the 

electronic energy increases about 10 kcal·mol-1. However, at 

the O1–C bond distance of 2.27 Å, there is a significant drop in 

energy corresponding to the isomerization from distorted 2P to 

2O. As discussed above, 2O may evolve until reaching the tar-

geted TS1A. Although O2 is not properly located to react with 

the aromatic ring, we also performed a second linear transit cal-

culation where the O2 is approached to the C of the C–F bond. 

However, in this relaxed scan the energy rises up about 40 

kcal·mol-1 without finding a structure similar to TS1A. These 

two linear transit calculations further suggest that only bis(μ-

oxo) isomers are able to perform the C–F activation, and then 

2P should evolve to 2O
 in order to perform the electrophilic at-

tack. 

Our results also give theoretical insight about why some com-

pounds such as [CuIII
2(O)2(m-XYLMeAN)]2+ 49 and [CuII

2(O2) 

(DBED)2]2+ (1) are able to perform ortho-defluorination-hy-

droxylations, whereas [CuII
2(O2)(L

Py2Bz)2]
2+, which has been 

previously reported by Itoh,14 does not show up this chemistry. 

Our computations suggest that ortho-defluorination-hydroxyla-

tion reactions can only be performed by O isomers, which is the 

most stable species of [CuIII
2(O)2(m-XYLMeAN)]2+ and 2. On the 

contrary, the P isomer, which is the only populated stable iso-

mer of [CuII
2(O2)(L

Py2Bz)2]
2+, is unable to activate the C–F bonds 

of the aromatic rings. These computational results are in full 

concordance with the known reactivity of tyrosinase; 2-fluoro-

phenolates are known inhibitors of oxytyrosinase which has 

been spectroscopically characterized as a pure P species. The 

corresponding O isomer has never been detected and is com-

puted to be at least 23 kcal·mol-1 higher in energy.29 

CONCLUSIONS 

In this manuscript we have explored the reaction mechanism of 

the ortho-dehalogenation-hydroxylation of 2-fluorophenolates 

by combining computational methods and experiments. By us-

ing high-level DLPNO-CCSD(T) calculations we have repro-

duced the experimental description of [Cu2O2(DBED)2]
2+ (1), 

for which there is an equilibrium between P and O isomers, 

shifted towards O upon substrate coordination. Our coupled 

cluster and DFT calculations revealed that O is the real executor 

of the ortho-defluorination-hydroxylation, as it was previously 

suggested.11 This fact explains why Cu2O2 complexes, for 

which only the P isomer is stable, are unable to perform defluor-

ination-hydroxylation reactions, and also suggests a plausible 

reason why tyrosinase is inhibited by 2-fluorophenols. 

The full reaction mechanism was determined for three sub-

strates (2-fluorophenolate, 2,6-difluorophenolate and 2-chloro-

6-fluorophenolate) exploring attacks of the Cu2O2 core at 2 and 

6 positions. Thus, we took into account also the possibility of 

having a competing hydroxylation over a C–H bond (Path B). 

In all cases, the attack of one oxygen of the [Cu2O2]
2+ core over 

the arene was the rate determining step, while the second step 

being barrierless or quasi-barrierless. This result reproduces the 

experimental observation of the phenolate-Cu2O2 adduct as the 

last spectroscopically detectable intermediate.   

The electrophilic character of the rate determining step was elu-

cidated by means of an experimental Hammett plot. Analysis of 

frontier molecular orbitals for the substrates further confirm the 

electrophilic nature of the reaction. 

An Eyring plot experiment for 2-fluorophenolate as substrate 

showed fully agreement with calculations (∆G‡
exp =11.8 

kcal·mol-1; ∆G‡
calc =11.7 kcal·mol-1). The experimental 

chemoselectivity was rationalized on the basis of relative acti-

vation energy differences between C–F, C–H and C–Cl activa-

tions. In all cases, the ortho C–F bond is kinetically preferred 

over the other possible ortho bond (either C–Cl or C–H) ex-

plaining the observed chemoselectivity for [Cu2(O)2(DBED)2]
2+ 

catalyst.  

The identification of the O isomer as the active species and the 

rationalization of the chemoselectivity that [Cu2O2]
2+ species 

present over specific substrates may facilitate the design of 

more efficient systems, eventually catalytic and may also 

broaden their scope of applications. Due to the bioinspired na-

ture of such catalysts, they can be understood as simplified 

(bio)models, and therefore their relatively easy study and un-

derstanding is also helpful to acquire greater knowledge on the 

behavior of bigger systems such as ubiquitous copper-based 

metalloproteins. 
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The equilibrium between (side-on)peroxo (P) and bis(μ-oxo) (O) isomers is essential to understand the 

ortho-defluorination-hydroxylation of 2-halophenolates promoted by the [Cu2(O)2(DBED)2]
2+ complex. 

The coordination of the phenolic substrate shifts the equilibrium from P to O, which is the reactive spe-

cies. We have also rationalized the chemoselective preference of [Cu2(O)2(DBED)2]
2+ catalyst for the C–

F activation over C–Cl and C–H activations. 

 


