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ABSTRACT: In this paper, data from a DFT-based computational study on
the reactivity of [Cu(2,2′-S-bpy)2]+PF6− (S indicating substitution by methyl
groups at the 6 and/or 6’ position and ranging from 0 to 100% through 50%)
homoleptic complexes based toward tButOOH were presented. Computa-
tional results, supported by cyclic voltammetry analysis, prove the feasibility
of finely tuning the chemical properties of the complexes and their reactivity
by means of insertion of methyl moieties in selected positions within the
bipyridine scaffold.

■ INTRODUCTION
2,2′-Bipyridine (hereafter bpy) molecules represent an
important class of ligands through which properties of
coordinating transition metal (e.g., Cu) can be finely tuned,
for instance, by altering the substituent groups at the 6 and/or
6’ position (2,2′-S-bpy). As a matter of fact, as it clearly
emerged from the analysis of literature data concerning light-
emitting electrochemical cells,1−3 the E1/2 of heteroleptic
complexes of genera l formula [Cu(2,2 ′ -S -bpy)-
xantphos]+[PF6]− varies from +760 to +890 mV vs Fc/Fc+,
through +850 mV vs Fc/Fc+ (= −5.1 eV vs vacuum), on
passing from [Cu(2,2′-bpy)xantphos]+[PF6]− (S = 0) to
[Cu(2,2′-6,6′-Me2-bpy)xantphos]+[PF6]− (S = 6,6′-Me2),
through [Cu(2,2′-6-Me-bpy)xantphos]+[PF6]− (S = 6-Me)
and with Me = −CH3.

3 The same behavior was observed for
the [Cu(2,2′-S-bpy)POP]+[PF6]− class of compounds (POP =
bis(2-(diphenylphosphanyl)phenyl)ether).3 On passing to the
well-known homoleptic complex [Cu(2,2′-6,6′-Me2-
bpy)2]+[PF6]−, this showed very high performance as a redox
mediator in dye-sensitized solar cells, the main reason being
attributed to the low reorganization (flattening) occurring
when the complex is reversibly oxidized to the [Cu(2,2′-6,6′-
Me2-bpy)2]2+[PF6]− form compared to structural analogues
(e.g., [Cu(2,2′-bpy)2]2+[PF6]−), which is possibly due to steric
hindrance from Me substituent groups at the 6,6’ position.4

It was recently shown by some of us5 that such a feature can
be exploited to employ the [Cu(2,2′-6,6′-Me2-bpy)2]+[PF6]−

system (measured E1/2 = 697 mV vs Ag+/Ag) as an active
catalyst for allylic oxidation of cyclohexene by tert-butyl-
hydroperoxide (hereafter tButOOH) in CH2Cl2 (hereafter
DCM) solutions; in fact, when contacted by tButOOH,

[Cu(2,2’-6,6′-Me2-bpy)2]+[PF6]− transforms to oxidated spe-
cies where Cu+ passes to Cu2+, bearing OH/O groups that can
be subsequently transferred to cyclohexene causing the back-
reduction of the oxidated complex to the original form
containing Cu+. It is worth mentioning here that such a redox
cycle was not observed for the [Cu(2,2′-bpy)2]+[PF6]− system
(measured E1/2 = 269 mV vs Ag+/Ag) and oxidation by
tButOOH resulted in a quite fast but irreversible oxidative
process, no back-reduction being observed after contacting
with cyclohexene, so suggesting that [Cu(2,2′-bpy)2]+[PF6]−

cannot be adopted as a useful catalytic system.
On the other hand, the good reversibility observed for

[Cu(2,2′-6,6′-Me2-bpy)2]+[PF6]− that is ascribable to the
substituting methyl groups was accompanied by a quite high
slowness in the oxidation process (2 h was required for the
whole Cu+/Cu2+ conversion when a Cu:tButOOH = 1:60
molar ratio is adopted), so strongly affecting its catalytic
performances. Notice that from previous calculations5 (see also
the data below reported), thermodynamics features character-
izing the Cu(I) + tButOOH → Cu(II)OH + tButO reaction
resulted to be (when [Cu(2,2′-6,6′-Me2-bpy)2]+[PF6]− is
involved) unfavorable (computed ΔG298K > 0), so in partly
explaining why the oxidation process resulted to be so difficult
to occur.
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Based on these data, it is quite clear how the degree of
substitution would impact on the likeness of the oxidation
process as well as on its kinetic. As such, the modulation of the
number of methyl moieties on the bipyridine ligands is
expected to impact on the electrochemical potential of the Cu
center due to both steric (i.e., geometrical) and electronic
effects. Therefore, a possible way to control both the fastness
in the oxidation process and its reversibility could rely on the
modulation of the degree of methyl group substitution, i.e., by
employing as ligands the bipyridine molecule substituted by a
single methyl group just at the 6 position. Notice that the
[Cu(2,2′-6-Me-bpy)2]+[PF6]− complex was already synthe-
sized6 but nothing has been done concerning its reactivity
toward tButOOH nor its catalytic activity in oxygenation of
alkenes. To get some preliminary insights about its behavior in
oxidation processes and how it behaves with respect to
[Cu(2 ,2 ′ -bpy)2]+[PF6]− and [Cu(2 ,2 ′ -6 ,6 ′ -Me 2 -
bpy)2]+[PF6]−, we initially performed a systematic computa-
tional study of energetics features (namely, the redox
potential) of homoleptic [Cu(2,2′-S-bpy)2]+[PF6]− complexes
(where S = 0, 6-Me, and 6,6′-Me2 for a final %Me substitution
of 0, 50, and 100%, respectively). Good agreement with
experimental results (as from cyclic voltammetry analysis),
which shows an almost perfectly linear correlation (R2 =
0.997) between the measured E1/2 and the percentage of
methyl group substitution and a good reversibility of the
[Cu(2,2′-6-Me-bpy)2]+[PF6]− system, encouraged us to extend
the computational investigation, through the same method-
ology, to the reactivity of the latter toward the tButOOH
oxidant agent too. As it will be shown in the following, the
computed thermodynamics features suggest that the reaction
between [Cu(2,2′-6-Me-bpy)2]+[PF6]− and tButOOH to form
−Cu(OH/O) species can occur more easily than when
[Cu(2,2′-6,6′-Me2-bpy)2]+[PF6]− is involved, possibly elimi-
nating the observed drawbacks (at least when the thermody-
namics of the process is considered) occurring in the catalytic
activity of the latter toward the oxygenation of alkenes.

■ RESULTS AND DISCUSSION
Homoleptic complexes [Cu(2,2′-S-bpy)2]+[PF6]− were mod-
eled by adopting the CuBP-XmYn cluster model (see Figure 1
for a graphical representation), including the PF6− counterion
and implicit DCM model solvent through the whole set of
calculations.

Geometrical features of the optimized models (xyz
coordinates listed in the Supporting Information, points A,
B, and C) are reported in Table 1, and as can be seen from the
reported data, they are not significantly affected by the
percentage of Me (%Me) substitution (0, 50, and 100 for
CuBP-Me0H4, CuBP-Me2H2, and CuBP-Me4H0, respectively),
the three models being characterized by a flattened tetrahedron
(pseudo-D2 symmetry) configuration. As it clearly appears
from Figure 1, in the adopted models, the Cu-chelating bpy
molecules are both in their cis conformer so that the four N
atoms are pointing toward the metal ion. This should be the
preferred orientation in terms of electrostatics because it
maximizes the dipole−charge interaction between the copper
ion and dipole characterizing the pyridine ring. In fact, this is
the structure that CuBP-Me2H2

6 and CuBP-Me4H0
7 retain in

their solid phase. Test calculations performed on
CuBPcisBPtrans-Me2H2, i.e., where one of the two chelating
bpy molecules assumes the trans conformation (xyz
coordinates of the optimized structure are listed in the
Supporting Information, point B8), strongly suggest that this is
the same structure that the complexes have in solution: in fact,
the latter resulted to be less stable than CuBP-Me2H2 of 31.0
kJ mol−1. Also, the strong similarities observed between the
Raman spectra recorded on dichloromethane solution and on
the solid phase of the [Cu(2,2’-6,6′-Me2-bpy)2]+[PF6]−

complex5 are in favor to the findings from calculations. It is
worth noticing here that the computed Raman spectra on
CuBP-Me2H2/CuBP-Me4H0 models (see purple/navy solid
lines in Figure S1, part a) reproduce quite well not only the
major vibrational features experimentally observed (obtained
on DCM solution of [Cu(2,2’-6-Me-bpy)2]+[PF6]−/[Cu(2,2’-
6,6′-Me2-bpy)2]+[PF6]−, see purple/navy solid lines in Figure
S1, part b) but also the relative observed changes occurring
between the two complexes.
The UV−vis spectra (see Figure S2) computed on the

optimized CuBP-Me0H4, CuBP-Me2H2 (PF6 moiety in the cis
position with respect to −H2), and CuBP-H0Me4 cluster
models show the presence of an intense signal with a maximum
decline, respectively, at 20,447, 20,422, and 20,932 cm−1 that is
assignable to MLCT (metal to ligand charge transfer)
characterizing the experimental UV−vis spectra of [Cu(2,2’-
bpy)2]+[PF6]− and [Cu(2,2’-6,6′-Me2-bpy)2]+[PF6]− recorded
in DCM (near 22,000 cm−1 in both cases).5 The reported
values prove that the Me substitution just slightly affects the
position of MLCT.
Before passing to the study of the interaction of CuBP-XmYn

with tButOOH, it is useful to briefly discuss here the
thermodynamics (energetics) behavior of such complexes
toward monoelectronic oxidation. For the three CuBP-Me0H4,
CuBP-Me2H2, and CuBP-Me4H0 complexes, the computed
ΔG r ed

298K(ΔE r ed) resulted to be −460.0(−441.9),
−492.3(−471.0), and −514.9(−484.8) kJ mol−1, respectively
(see the Theoretical Basis Section for the definition of
ΔGred

298K). The optimized structures (xyz coordinates listed
in the Supporting Information, points A1, B1, and C1) do not
show too much distortion from those containing a Cu(I)
center, except for further flattening, this being in line with the
tendency of Cu(II) to reach a square planar coordination,
which is particularly evident when CuBP-Me0H4 is considered
where steric hindrance from Me groups is not present. In
particular, τ (i.e., the torsion angle defining the rotation of
bipyridine molecules around an axis containing the points at
average distance between N3−N4 and N1−N2 as defined in

Figure 1. (a) Graphical representations of CuBP-XmYn (m/n = 0/4,
m/n = 2/2, m/n = 4/0) optimized molecular models where black
spheres show X = Me and Y = H. For CuBP-Me2H2, methyl groups
substitute the black spheres on the N1 and N4 side. White, green,
blue, and orange spheres show H, C, N, and Cu atoms, respectively.
The PF6− counterion is omitted for the sake of clarity. (b) The same
as in part (a) but with Cu first and second neighbors underlined by
colored spheres (color code as in part a). Numbers show the atoms
with respective geometrical features taken. Gray spheres represent the
remaining part of the complex.
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Figure 1, part b) show decreases of 50.8, 38.9, and 20.3° for
CuBP-Me0H4 (initial value of 91.0°), CuBP-Me2H2 (initial
value of 91.0°), and CuBP-Me0H4 (initial value of 83.5°),
respectively. When the origin of the obtained thermodynamics
(energetics) trend is of concern, the effect of Me substitution
on some global reactivity indexes (e.g., ionization potential
(IP), electron affinity (EA), and electronegativity (χ), which is
defined as the arithmetical average of IP and EA)8,9

characterizing the adopted Cu ligands (i.e., BP-Me0H4, BP-
M2H2 and BP-Me4H0 in cis conformation) was investigated
too. The results showed that χ underwent a systematic

decrease along the BP-Me0H4, BP-Me2H2, and BP-Me4H0
series (406.0, 395.2, and 385.9 kJ mol−1, respectively),
suggesting that steric hindrance from Me substitution can
only in part explain the observed thermodynamics (energetics)
trend.
The easiness in the oxidation of the metal center could be

likely related to its reduction potential. The higher the
reduction potential is, the higher the energy required to
oxidize Cu(I) to Cu(II), needing a more powerful oxidant.
The data summarized in Figure 2 confirmed the observation
already reported for CuBP-Me4H0 (solid red line in Figure 2,

Table 1. Geometrical Features (Cu−Ni = Distances, Ni−Cu−Nj = Angles) of the Optimized CuBP-XmYn Molecular Modelsa

XmYn Cu−N1 Cu−N2 Cu−N3 Cu−N4

Me0H4 2.035 2.050 2.037 2.038
Me2H2 2.038 2.040 2.030 2.036
Me4H0 2.027 2.052 2.053 2.027

XmYn N1−Cu−N2 N3−Cu−N4 N1−Cu−N4 N2−Cu−N3 N1−Cu−N3 N2−Cu−N4

Me0H4 80.9 81.2 128.6 122.7 128.0 121.4
Me2H2 81.0 81.4 124.5 125.2 128.0 122.9
Me4H0 81.3 81.3 137.6 120.6 120.6 120.7

aX = Me, Y = H. i, j = 1−4 as defined in Figure 1b. Distances and angles are expressed in Å and degrees (deg), respectively.

Figure 2. (a) Cyclic voltammogram curves obtained on CuBP-XmYn (m/n = 0/4, 2/2, and 4/0, respectively, for 100% Me, 50% Me, and 0% Me)
complexes in DCM solution and vs ferrocene. (b) Reduction potential E vs vacuum plotted against % Me substitution (solid black circles). The
gray line shows the linear fitting (adjusted R2 = 0.997, slope = −0.006 eV/%Me) of the reported data. (c) Comparison between computed E [eV]
vs vacuum (Ecomp) and experimental E [eV] vs vacuum (Eexp). Ecomp = ΔGred

298K× 0.010364 eV mol/kJ. Dark cyan squares represent the values
obtained by ΔGred

298K (see the Theoretical Basis Section for further details). Orange solid squares show the values obtained from drcΔGred
298K (see

Theoretical Basis Section for further details).
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part a) and CuBP-Me0H4 (solid blue line in Figure 2, part a) in
our previous paper, with the former showing a much higher
reduction potential (+0.17 V vs Fc+/Fc) compared to the latter
(−0.45 V vs Fc+/Fc).
Moreover, CuBP-Me4H0 shows a very good reversibility

(ΔE = 0.10 V), whereas the reduction peak of CuBP-Me0H4 is
clearly broadened (ΔE = 0.27 V). This phenomenon was
associated with the practically null solubility of Cu(II)BP-
Me0H4 that tends to precipitate as soon as it is formed, as also
proven by the formation of green crystallites at the bottom of
the vial. As predicted by computational analysis, CuBP-Me2H2
(synthesized according to the procedure described in the
Materials and Methods Section and characterized through
NMR spectroscopy, see Figure S3) shows a reduction potential
(−0.12 V vs Fc+/Fc, also characterized by a very good
reversibility, ΔE = 0.10 V) placed almost perfectly at the
halfway point (solid violet line in Figure 2, part a) between the
other two considered homoleptic complexes, so obtaining a
good linear correlation (see part b of Figure 2) of E (reducing
potential obtained vs vacuum) against %Me substitution; this
further proves how the electrochemical potential of a complex
could be finely tuned by specific chemical modification of the
ligand. It is interesting to notice here that computed values
Ecomp (derived from calculated ΔGred

298K, see the Theoretical
Basis Section for further details) are in very good agreement
with the experimental ones (Eexp, see part c of Figure 2).
On passing now to the reactivity of CuBP-XmYn cluster

models with tButOOH, graphical representations of the
reacted clusters (Cu(OH/O)BP-XmYn) along (reaction
1)DCM (xyz coordinates of the optimized structures are listed
in the Supporting Information, points A2, B2, and C2) and
(reaction 2)DCM (xyz coordinates of the optimized structures
are listed in the Supporting Information, points A3, B3, and
C3) are reported in Figure 3, and as can be clearly observed,

strong deformation with respect to CuBP-XmYn occurs. For the
m/n = 2/2 case, the same general structures as those reported

in Figure 2 are obtained, regardless of what OH/O moieties
occupy the cis position with respect 2 Me groups (Cu(OH/
O)-Me2H2) to 2 H groups (Cu(OH/O)-H2Me2, xyz
coordinated listed at points B4 and B5 of the Supporting
Information) and to Me and H groups (Cu(OH/O)-
MeHMeH, xyz coordinate listed at points B6 and B7 of the
Supporting Information).
The geometrical features of the Cu(OH)BP-XmYn and

Cu(O)BP-XmYn optimized models are reported in Table 2 and
Table 3, respectively. For the m/2 = 2/2 case, just features for
the Cu(OH/O)-Me2H2 optimized structures are reported.
As can be seen, the N1−Cu−N4 angle (see Figure 1 for its

definition) resulted to be the most affected, being quite near to
180° independent from the % of Me substitution in the three
considered systems. The Cu−O distance falls in the 1.897−
1.917 Å range for Cu(OH)BP-XmYn models, in a range quite
near to the experimentally observed10 value and with the Cu−
OH angle located at 109.0°; Cu−O resulted instead to be
slightly shorter (1.868−1.886 Å range) when Cu(O)BP-XmYn
species are considered.
It is worth noticing here that Me substitution particularly

affects the O−Cu−N1−C5 torsion angle, which progressively
changes from −12.7°/−18.1° to −40.9°/−33.4° on passing
from %Me = 0 (Cu(OH/O)-Me0H2) to %Me = 100 (Cu(OH/
O)-Me4H0); intermediate values of −36.5 and −30.0° are
obtained for %Me = 50 (Cu(OH)-Me2H2 and Cu(O)-Me2H2
models respectively). This affects the final coordination sphere
of Cu, which can be assumed to be square planar for %Me = 0,
taking into account O and the N1, N2, and N4 atoms. When
Cu(OH/O)-MeHMeH and Cu(OH/O)-H2Me2 models are of
concern, it has to be noticed that coordination of Cu quite near
to a square planar is obtained; O−Cu−N1−C5 torsion angles
are, respectively, 19.5°/21.0° and −18.4°/−20.9°.
The comparison between Figure S2 (UV−vis spectra

computed for CuBP-XmYn pristine models) and those obtained
on tButOOH reacted models (see Figure 4 and Figure 5)
clearly shows that the resulting Cu(OH/O)BP-XmYn species
possess quite different electronic features with respect to
CuBP-XmYn pristine ones. In particular, the results show a
quite evident erosion of the intense MLCT band and the
growth of much weaker signals at higher and lower
wavenumbers. As far as the CuBP-Me4H0 system is concerned,
after reaction with tButOOH and the consequent formation of
Cu(OH)BP-Me4H0 species, the MLCT band is substituted by
bands with maxima located at 25,781, 14,508, and 10,420
cm−1, the former being the most intense one (see the solid
blue line in Figure 4, part a).

Figure 3. Graphical representations of Cu(OH/O)BP-XmYn (m/n =
0/4, 2/2, and 4/0) optimized molecular models where black spheres
show X = Me and Y = H. White, green, blue, red, and orange spheres
show H, C, N, O, and Cu atoms, respectively. The PF6− counterion is
omitted for the sake of clarity.

Table 2. Geometrical Features (Cu−Ni, Cu−O = Distance, O−Cu−Ni−Cl = Dihedral Angle, Ni−Cu−Nj = Angle) of the
Optimized Cu(OH)BP-XmYn Molecular Modelsa

XmYn Cu−N1 Cu−N2 Cu−N3 Cu−N4 Cu−O O−Cu−N1−C5

Me0H4 2.025 2.056 2.314 2.047 1.897 −12.7
Me2H2 2.066 2.042 2.228 2.071 1.910 −36.5
Me4H0 2.034 2.124 2.277 2.041 1.917 −40.9
XmYn N1−Cu−N2 N3−Cu−N4 N1−Cu−N4 N2−Cu−N3 N1−Cu−N3 N2−Cu−N4

Me0H4 79.6 76.2 175.2 88.9 105.3 95.9
Me2H2 80.1 77.0 174.3 98.2 103.0 94.2
Me4H0 80.4 77.6 174.8 100.4 106.5 102.2

aX = Me, Y = H. i, j = 1−4 and l = 5 as defined in Figure 1b. Distances, dihedral angles, and angles are expressed in Å, degrees (deg), and degrees
(deg), respectively.
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Notice that this is the same behavior showed experimen-
tally5 by the [Cu(2,2’-6,6′-Me2-bpy)2]+[PF6]− system after
reaction with tButOOH: the two bands at 14508 and 10420
cm−1 (quite near to those experimentally observed) are
ascribable to transitions mainly involving the Cu center and
possessing a prevalent “d−d” character. This observation along
with the analysis of computed Mulliken spin densities (ρ) for
Cu and OH centers (ρCu = 0.659 e and ρOH = 0.169 e) leads to
the conclusion that [Cu2+(OH)−]+ species are obtained after

the reaction of CuBP-Me4H0 with tButOOH, a situation that is
quite far from what was obtained for isolated [CuOH]+, where
the [Cu+(OH)·]+ configuration appeared to be the predom-
inant one (even if a partial Cu2+(OH)− character of the bond
cannot be excluded) and much closer to what was observed for
its hydrated counterpart.11 The computed UV−vis spectrum
for the Cu(OH)BP-Me0H4 system (see the purple line in
Figure 4) shows approximately the same features as those
above-discussed, but some noticeable differences can be

Table 3. Geometrical Features (Cu−Ni, Cu−O = Distance, O−Cu−Ni−Cl = Dihedral Angle, Ni−Cu−Nj = Angle) of the
Optimized Cu(O)BP-XmYn Molecular Modelsa

XmYn Cu−N1 Cu−N2 Cu−N3 Cu−N4 Cu−O O−Cu−N1−C5

Me0H4 2.010 2.059 2.263 2.061 1.868 −18.1
Me2H2 2.059 2.043 2.229 2.063 1.872 −30.0
Me4H0 2.034 2.091 2.246 2.062 1.886 −33.4
XmYn N1−Cu−N2 N3−Cu−N4 N1−Cu−N4 N2−Cu−N3 N1−Cu−N3 N2−Cu−N4

Me0H4 80.1 76.2 173.2 93.6 109.5 96.1
Me2H2 80.4 77.7 174.8 98.7 100.9 94.8
Me4H0 80.8 77.3 168.3 101.3 114.1 99.9

aX = Me, Y = H. i, j = 1−4 and l = 5 as defined in Figure 1b. Distances, dihedral angles, and angles are expressed in Å, degrees (deg), and degrees
(deg), respectively.

Figure 4. (a) UV−vis spectra computed for Cu(OH)BP-XmYn complexes (X = Me, Y = H). Purple solid line: m/n = 0/4. Navy solid line: m/n = 2/
2. Blue solid line: m/n = 4/0. (b) UV−vis spectra computed for Cu(OH)BP-MeHMeH and Cu(OH)BP-H2Me2 complexes (dark gray and light
gray solid lines, respectively). UV−vis spectrum computed for Cu(OH)BP-Me2H2 (navy solid line) is also reported for the sake of comparison.

Figure 5. ΔE and ΔG298K vs %Me (percentage Me substitution) computed for (reaction 1)DCM (solid squares) and (reaction 2)DCM (solid circles)
involving the CuBP-(Me0H4, Me2H2, Me4H0) molecular models. Dark gray lines show the linear fitting results (data from fitting are reported in
Table S2).
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observed: in fact, “d−d” bands resulted to be blue-shifted
(being now located at 15,904 and 12,096 cm−1) and of much
lower intensity when compared to what was obtained for
Cu(OH)BP-Me4H0, this presumably being ascribable to the
square planar coordination (characterized by a higher ligand
field and higher symmetry) that the Cu species reached in the
optimized Cu(OH)BP-Me0H4 system. Also in this case, spin
density analysis confirmed that [Cu2+(OH)−]+ species are
obtained (ρCu = 0.645 e and ρOH = 0.157 e). Moreover, the
presence of a band with a maximum located at 26,897 cm−1

(quite near to what was obtained for Cu(OH)BP-Me4H0) but
characterized by a much lower intensity can be observed.
When the UV−vis spectra computed for %Me = 50 derived

systems are of concern (navy solid line in Figure 3, part a and
b, and dark gray and light gray solid lines in Figure 4, part b),
two main situations can be observed, possibly reflecting the
different coordination that the Cu atom reached in Cu(OH)-
BP-Me2H2 and Cu(OH)BP-MeHMeH or Cu(OH)BP-H2Me2.
In fact, features characterizing the UV−vis spectrum computed
for the Cu(OH)BP-Me2H2 system, where the O−Cu−N1−C5
torsion angle is quite close to that obtained for Cu(OH)BP-
Me4H0 (see Table 2), resulted in quite similar (in terms of
intensity) to those obtained for the latter. In particular, one can
notice the presence of two bands ascribable to “d−d”
transitions (located now at 13,417 and 9480 cm−1) and a
band with a maximum located at 26,135 cm−1.
The analysis of spin densities for Cu and OH moieties of the

Cu(OH)BP-Me2H2 system showed that ρCu = 0.669 e and ρOH
= 0.142 e, indicating that also in this case, [Cu2+(OH)−]+
species are formed after reaction with tButOOH; their
electronic features are quite close to those characterizing the
same group in Cu(OH)BP-Me4H0, as proven by the
comparison of respective computed UV−vis spectra. The
analysis of vibrational features confirms once more that the
[Cu(OH)]+ species formed at the CuBP-Me2H2 complex
possess features quite close to those formed from CuBP-
Me4H0, the computed νCu−OH (frequencies associated with the
Cu−OH bond stretching) being quite close and centered,
respectively, at 476 and 473 cm−1; when the Cu(OH)BP-
Me0H4 system is of concern, νCu−OH resulted instead to be
located at 497 cm−1. When Cu(OH)BP-MeHMeH (ρCu =
0.651 e and ρOH = 0.181 e) and Cu(OH)BP-H2Me2 (ρCu =
0.640 e and ρOH = 0.185 e) are of concern, the main features
characterizing the computed UV−vis spectra (see Figure 4,
part b) are quite close to what was obtained for the
Cu(OH)BP-Me0H4 cluster model; this is in accordance with
what was already observed for their geometrical features.
Coming now to the energetics features (ΔE) concerning

(reaction 1)DCM, the data obtained for Cu(OH)BP-Me0H4,
Cu(OH)BP-Me2H2, and Cu(OH)BP-Me4H0 are reported in
Table 4 and resumed in Figure 5 too (part a, solid black
squares); as can be clearly seen, not only %Me substitution

affects significantly ΔE, (reaction 1)DCM being highly hexo-
ergonic for Cu(OH)BP-Me0H4, but also ΔE showed a quite
good linear correlation with %Me (see Table S5 for fitting
parameters); dispersive interactions (evaluated through the
D3-bj empirical scheme)12,13 highly contribute in defining the
final ΔE (ΔED3‑bj of −14.7, −20.1, and −21.2 kJ mol−1 were
computed for Cu(OH)BP-Me0H4, Cu(OH)BP-Me2H2, and
Cu(OH)BP-Me4H0, respectively). It is worth noticing here
that ΔEel (evaluated as ΔEel = ΔE − ΔED3‑bj) maintained the
same linear correlation with %Me already observed for ΔE (see
Figure S5 and Table S3 for fitting parameters). To go much
deeper in the origin of the obtained trend, (reaction 1)DCM was
decomposed in five possible subreactions according to the path
summarized in Table S4, so defining five possible energetics
contributions to the final computed ΔE. As it can be seen from
the data reported in Table S4, %Me substitution significantly
affects not only the energy cost (indicated in Table S4 as
ΔEdef2) needed for bringing CuBP-XmYn to the geometry
[(CuBP-XmYn)def] that it has in hydroxylated form but without
the −OH group but also the energetics associated with the
Cu−OH bond formation (evaluated as ΔEint, see Table S4).
Also, on passing to the analysis of thermodynamics features
(computed at 298 K), (reaction 1)DCM involving the system
with %Me = 0 resulted to be highly favored (ΔG298K = −36.3
kJ mol−1), the system with %Me = 100 being instead
characterized by positive ΔG298K located at 24.0 kJ mol−1.
Such results can justify (at least from a thermodynamics point
of view) the difference in reactivity of the two systems
experimentally observed: in fact, [Cu(2,2’-bpy)2]+[PF6]−

reacts instantaneously with tButOOH (Cu:tBUtOOH = 1:1)
at variance to what was observed for [Cu(2,2’-6,6′-Me2-
bpy)2]+[PF6]−, which took more than 10 h to completely react
for the same Cu:tButOOH ratio.
It is worth noticing here that ΔG298K computed for the

Cu(OH)BP-Me2H2 system (much more stable than the
equivalent system derived from CuBP-H2Me2 and quite close
to the CuBP-MeHMeH derived one, see Table 5) falls in

between those computed for systems discussed above so that
ΔG298K for (reaction 1)DCM shows an almost linear depend-
ence on %Me (see solid squares in Figure 5); this suggests that
the reactivity of such systems toward tButOOH could be finely
tuned by percentage of substitution at precise positions of 2,2′-
bpy ligands.
Another interesting observation that comes from the data

reported in Figure 5, where solid circles represent ΔE and
ΔG298K for (reaction 2)DCM, is that the [CuO]+ moiety
formation (see Figure S4 for the computed UV−vis spectra)
always resulted to be a less favored process than [Cu(OH)]+,
this being particular evident for Me = 0% and for Me = 50%
(see Table 6), so suggesting that the selectivity toward possible
oxygenated species can be tuned by percentage Me
substitution too. Also for [CuO]+ formation, the contribution

Table 4. Energetics and Thermodynamics (298 K) Features
Computed for (reaction 1)DCM

a

XmYn ΔE ΔH298K ΔG298K −TΔS298K

Me0H4 −32.5 −37.7 −36.3 1.3
Me2H2 −8.1 −13.8 −9.3 4.5
Me4H0 17.2 13.0 24.0 11.0

aX = Me, Y = H. All quantities are reported in kJ mol−1. (reaction
1)DCM: CuBP-XmYn + tButOOH → Cu(OH)BP-XmYn + tButO.

Table 5. Energetics and Thermodynamics (298 K) Features
of Cu(OH)BP-XYXY and Cu(OH)BP-Y2X2 Complexes
Computed with Respect to Cu(OH)BP-X2Y2

a

XmYn ΔE ΔH298K ΔG298K −TΔS298K

Me2H2 0.0 0.0 0.0 0.0
MeHMeH 0.4 1.4 2.4 1.0
H2Me2 6.2 5.3 16.3 11.1

aX = Me, Y = H. All quantities are reported in kJ mol−1.
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from dispersive interactions resulted in playing a fundamental
role in determining the final ΔE (ΔED3‑bj of −18.1, −15.6, and
−18.7 kJ mol−1 were computed for Cu(O)BP-Me0H4,
Cu(O)BP-Me2H2, and Cu(O)BP-Me4H0, respectively; ΔEel
shows also in this case a good linear correlation with %Me (see
Figure S5 and Table S3).
Finally, to verify that the obtained ΔE vs %Me linear

correlation is not just due to the adopted DFT functional
(B3LYP-D3-bj in this case), the energetics of (reaction 1)DCM
were computed (see the Theoretical Basis Section for further
details) through the adoption of several DFT-based functionals
other than the B3LYP-D3-bj one: even if strong dependence of
the intercept (average = −33.2 kJ mol−1, min = −10 kJ mol−1,
max = −68.7 kJ mol−1) from the adopted functional was
obtained (see Table S4 for further details), the linear trend was
nicely reproduced in all cases, with the slope (expressed in kJ
mol−1 %Me1−) being less affected and varying in between min
= 0.426 and max = 0.580 (average = 0.493). The origin of the
obtained variation in the intercept value for (reaction 1)DCM
between the adopted DFT-based functionals can be partially
understood by examining the data reported in Table S6, where
contributions (computed along the reported subreactions
composing (reaction 1)DCM, see Tables S5 and S6) to total
ΔE are reported. As can be seen, ΔE1 (i.e., the computed
energy cost for breaking the O−O bond of tButOOH, see
Table S6)14 and ΔEint (i.e., the computed energy gain when
the Cu−OH bond is formed, see Table S6) resulted to be
particularly affected by the choice of the functional (B3LYP-
D3-bj vs M06-D3 and M062x-D3). Such dependence is
connected to different treatments of exchange and correlation
typical for each adopted functional: it is so clear that to reach a
conclusive answer where the intercept falls, more sophisticated
ab initio methods should be used, this being however out of the
scope of the present paper. In this respect, it has to be noticed
here that the B1 test (see the Theoretical Basis Section for its
definition) gave indication that the investigated systems here,
at variance with respect to isolated [CuOH]+ (B1 = 13.8 kcal
mol−1 and T1 = 0.05 with ρCu = 0.242 e), should not be
characterized by high static correlation and a strong multi-
reference character (B1 = 0.8 kcal mol−1 and B1 = 1.7 kcal
mol−1 for Cu(OH)BP-Me0H4 and Cu(OH)BP-Me4H0,
respectively); this supports the hypothesis that the hybrid
functional, quite useful in providing spectroscopic data, does
not introduce too much error15 in the evaluation of energetics
characterizing the considered reactions. For the sake of
comparison, the B1 test was also performed on Cu(O)BP-
Me0H4; this time it resulted to be B1 = 7.6 kcalmol−1, i.e.,
significantly lower than the value obtained in this work for
isolated [CuO]+ (B1 = 18.5 kcal mol−1 and T1 = 0.05 with ρCu
= 0.231 e),16−18 but it however suggests that the systems
containing the [CuO]+ moiety have to be considered with care.
Calculations of ΔEint (see Table S5 for its definition)
performed at B3LYP-D3-bj (ΔEint = −234.7 kJ mol−1), M06-

D3 (ΔEint = −217.8 kJ mol−1), and M062x-D3 (ΔEint =
−253.4 kJ mol−1) levels confirmed however the trend already
obtained for the Cu(OH)BP-Me0H4 system (see Table S6).

■ CONCLUSIONS
In this paper, data from cyclic voltammetry and a DFT
(B3LYP plus dispersive interactions treated through the
empirical D3-bj scheme and implicit solvent as defined in
the Gaussian16 code, see the Theoretical Basis Section)
computational study on redox behaviour and reactivity of
[2,2′-bpy]2 Cu+ containing homoleptic complexes toward
tButOOH as a function of the degree of substitution (%Me) by
methyl groups at the 6,6’ position were presented. As far as
cyclic voltammetry results are concerned, a linear correlation
was observed between %Me and reduction potentials, being
located at +0.17(−5.27), −0.12(−4.98) and −0.45(−4.65)
V(eV) vs Fc+/Fc(vacuum) for %Me = 100%, %Me = 50%, and
%Me = 0%, respectively, and a quite good reversibility for %Me
= 100% and %Me = 50% was observed. Also, computed
(B3LYP-D3bj and PCM scheme) reduction potentials vs
vacuum resulted to be in good agreement with the
experimental ones.
As far as the reactivity toward tButOOH is concerned,

B3LYP-D3bj and PCM schemes were adopted to investigate in
a systematic way how the properties (both geometric and
electronic through the calculation of UV−vis spectra) of the
formed Cu(OH) and CuO are influenced by the percentage of
substitution by methyl groups (%Me) of 2,2′-bpy ligands at the
6,6’ position. Also, energetics and thermodynamics features
concerning their formation were investigated in depth.
From the presented data, it is clearly shown that %Me

substitution can be used to finely tune the properties of
[CuOH/O]+ species (in which Cu is in the +2 oxidation state
as resulting from spin density analysis); in particular, the
inspection of the obtained geometrical features of complexes
Cu(OH)BP-Me0H4, Cu(OH)BP-Me2H2 (OH/O in the cis
position with respect Me groups), and Cu(OH)BP-Me4H0
(where %Me substitution runs from 0 to 100%, through 50%)
showed that for %Me = 0, Cu2+ resulted to be in a sort of
square planar coordination (as expected for Cu2+ species)
when OH and three N atoms from 2,2′-bpy ligands are
considered. On passing to species obtained for %Me = 50 and
%Me = 100%, Cu2+ maintains a C2v-like coordination. This is
reflected quite clearly in the computed UV−vis spectra for the
three systems. When [CuO]+ species are considered, the same
conclusions can be drawn.
When energetics and thermodynamics features about the

formation of [Cu(OH)/O]+ from tButOOH along (reaction
1)DCM and (reaction 2)DCM (see the Theoretical Basis Section
for their definition) are of concern, a good linear correlation
between the computed ΔE/ΔG298K and %Me substitution was
obtained, with [CuOH]+ being the most affected. Also,
reaction 1 turned out to be the most favored one, in particular
when %Me = 0 and %Me = 50%, suggesting that the selectivity
toward possible Cu oxygenated species can be tuned by
altering the %Me.

■ MATERIALS AND METHODS
Synthetic Procedures and NMR Characterization. All

chemicals and solvents used were employed without further
purification. If not differently specified, all the materials were
purchased from Sigma-Aldrich. The 2,2′-bipyridil ligand

Table 6. Energetics and Thermodynamics (298 K) Features
Computed for (reaction 2)DCM

a

XmYn ΔE ΔH298K ΔG298K −TΔS298K

Me0H4 −14.7 −15.5 −10.8 4.7
Me2H2 6.4 2.5 11.2 8.6
Me4H0 22.1 21.5 28.4 6.9

aX = Me, Y = H. All quantities are reported in kJ mol−1. (reaction
2)DCM: CuBP-XmYn + tButOOH → Cu(O)BP-XmYn + tButOH.
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(purity ≥ 98%) and 6,6′-dimethyl-2,2’bipyridil ligand (purity
≥ 98%) are commercially available, while the 6-methyl-
2,2’bipyridil ligand was synthesized adopting a literature
procedure19 as described below. For the synthesis of the 6-
methyl-2,2’bipyridil ligand, octanol of ACS spectrophotometer
grade (≥ 99%) was purchased from Sigma-Aldrich and the
Nickel Raney catalyst was purchased from Sigma-Aldrich as
W.R. Grace and Co. Raney 2800, slurry, in H2O, active
catalyst. For the washing procedure, absolute ethanol (HPLC
grade < 99.8%) was used. Newly synthesized compounds were
purified (when specified) through chromatography by using a
Biotage SP1 Flash Chromatograph in direct phase using a
Biotage Sfar Silica D-Duo 60 μm column. All the Cu(I)
complexes were synthesized by using the general procedure
reported below and previously reported.5 Synthesis and
characterization of [Cu(2,2′-6,6′-Me2-bpy)2]+[PF6]− and [Cu-
(2,2′-bpy)2]+[PF6]− were previously reported by our group.5

The NMR spectra were recorded on a Jeol ECZ-R 600 MHz
instrument, in deuterated acetone, using the residual solvent
peak as an internal reference 1H: 2.05 ppm.20 The chemical
shifts are reported in delta (δ) units. Coupling constants are
reported in Hertz (Hz). Multiplicity is reported as follows: s
(singlet), d (doublet), t (triplet), and m (multiplet). For the
experiment, eight scans were used with a relaxation of 5 s and
an acquisition time of 2.9 s.
Synthesis of 6-Methyl-2,2′-bipyridine. The Ni Raney

catalyst (5 g, including storage water) was first treated to
remove the water. At this scope, the catalyst was washed 2
times with ethanol (20 mL) and one last time with the reaction
solvent octanol (20 mL). At this point, octanol (25 mL) was
added to the Ni Raney in a round-bottom flask, and 2,2′-
bipyridine (1.87 g, 12 mmol) was added to the mixture that
was stirred for 48 h at reflux. After that, the solution was
filtered to remove the catalyst and the filtrate was treated with
HCl 2 M to extract the product from the octanol. The
obtained aqueous phase was then basified with NaOH (1 M
aqueous solution) and extracted 3 times with 25 mL of
dichloromethane. The organic phases containing the product
were dried over magnesium sulfate, and dichloromethane was
removed under reduced pressure. The final product was
afforded after chromatographic purification (hexane:ethyl
acetate/8:2). The NMR is compatible with a previous report.19

1H NMR (600 MHz, chloroform-d) δ 8.66 (ddd, J = 4.8, 1.8,
0.9 Hz, 1H), 8.38 (dt, J = 8.0, 1.1 Hz, 1H), 8.15 (ddq, J = 7.8,
1.1, 0.6 Hz, 1H), 7.79 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H), 7.69 (t, J
= 7.7 Hz, 1H), 7.27 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.26
(solvent residual peak), 7.16 (ddt, J = 7.7, 1.0, 0.5 Hz, 1H),
2.62 (s, 1H).
General Procedure for [Cu(2,2′-S-bpy)2][PF6] Com-

plexes. The [Cu(2,2′-S-bpy)2][PF6] series was synthesized
following a literature report21 by mixing tetrakis(acetonitrile)-
copper(I) hexafluorophosphate (1 mmol) and the bipyridine
ligand (2.1 mmol) in anhydrous dichloromethane (0.1 M).
The solution was stirred under a N2 atmosphere for 3 h at
room temperature, and after stripping the solvent, a powder
was obtained. The powder was then washed several times with
a 1:1 mixture of diethyl ether and petroleum ether and dried to
obtain the final product. The complexes were obtained in an
excellent yield ranging from 94 to 97%.
Synthesis of [Cu(2,2’-6-Me-bpy)2]+[PF6]−. Following the

general procedure, [Cu(2,2’-6-Me-bpy)2]+[PF6]− was obtained
with 95% yield. The NMR shifts are reported below (see
Figure S5 for NMR spectrum).

1H NMR (600 MHz, acetone-d6) δ 8.71 (ddd, J = 5.1, 1.7,
0.9 Hz, 1H), 8.68 (dt, J = 8.2, 1.0 Hz, 1H), 8.52 (d, J = 8.0 Hz,
1H), 8.26 (ddd, J = 8.2, 7.5, 1.6 Hz, 1H), 8.17 (t, J = 7.8 Hz,
1H), 7.71 (ddd, J = 7.6, 5.1, 1.1 Hz, 1H), 7.66 (d, J = 7.7 Hz,
1H), 2.33 (s, 3H), 2.05 (solvent residual peak).
Cyclic Voltammetry Measurements. Cyclic voltammetry

profiles were recorded by using a SP-150 potentiostat
(Biologic) in a three-electrode setup configuration using a
glassy carbon (diameter 1 cm) as a working electrode, a
platinum wire as a counter-electrode, and a Ag+/Ag reference
electrode, with a scan rate as high as 100 mV s−1. Copper
complexes in their pristine Cu(I) form (final concentration in
solution of 0.001 M) were dissolved in a 0.1 M solution of
TBA+PF6− (as a supporting electrolyte) in DCM. Moreover,
ferrocene was used as an internal standard in all the
measurements. Redox potentials were obtained as the semisum
(E1/2) of the potential values at the maximum of the peaks in
the oxidation and reduction scans. All the potential values were
referred to the Fc+/Fc redox potential by applying the
following equation:

[ ] = [ ]+ +E EV vs Fc /Fc V vs Ag /Ag 0.51 V

From E [V vs Fc+/Fc] redox potential, values referring to
vacuum (E vs vacuum and/or Eexp vs vacuum in eV) were
obtained by applying the following equation:

[ ] = + [ ]+E EeV vs vacuum (5.1 V V vs Fc /Fc )

Raman Measurements. Raman measurements were
performed on a Renishaw Raman Microscope (In Via system)
adopting a He−Cd 442 nm exciting laser line (EEL); EEL was
focused on the sample through a 20× ultralong-working-
distance objective through which the resulting backscattered
light was then sent to a 2400 l mm−1 grating analyzer and then
to a CCD detector. The sample was constituted by an adapted
Helma glass cuvette (QS grade, 1 cm optical path) filled by
DCM solution of [Cu(2,2′-6-Me-bpy)2]+[PF6]−/[Cu(2,2′-
6,6′-Me2-bpy)2]+[PF6]− (1 × 10−3 M concentration) with
magnetic stirring. The stability of the sample under laser light
(10% of the total power, less than 1 mW) was checked. The
presented spectra correspond to the average of three spectra
obtained by accumulating 20 acquisitions, each one with a
duration of 20 s (20 × 20s).
Theoretical Basis. All the calculations (structure opti-

mization, computation of vibrational frequencies, and UV−vis
spectra) were performed by means of the Gaussian 16 code22

at the B3LYP-D3-bj23,24 level of theory (ultrafine grid is used
for the integral evaluation) and adopting the unrestricted
formalism for describing open-shell systems. TD-DFT25 was
adopted for computing electronic transitions (first 10
transitions) and the corresponding UV−vis spectra. The
basis set for describing H, C, B, N, F, O, P, and Cu atoms
was the standard Pople 6-31+G(2d,p). Finally, solvent (DCM)
effects were included through the PCM (IEF-PCM)
approach26 as developed in the Gaussian16 code and without
changing the default settings.
[Cu(2,2′-bpy)2]+[PF6]− (0% Me substitution), [Cu(2,2′-6-

Me-bpy)2]+[PF6]− (50% Me substitution), and [Cu(2,2′-6,6′-
Me2-bpy)2]+[PF6]− (100% Me substitution) homoleptic
complexes (Me = −CH3) and their possible derivatives after
interaction with tButOOH were modeled adopting the CuBP-
XmYn model (see Figure 1 for its graphical representation)
where X = Me, Y = H, and m, n = 0−4. According to this
definition, three different cluster models can be identified: (a)
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CuBP-Me0H4 (corresponding to [Cu(2,2′-bpy)2]+[PF6]−),
(b) CuBP-Me2H2 (corresponding to [Cu(2,2′-6-Me-
bpy)2]+[PF6]−, and (c) CuBP-M4H0 (corresponding to
[Cu(2,2′-6,6′-Me2-bpy)2]+[PF6]−). For the sake of brevity,
the PF6− anion is excluded from the cluster model definition,
but it is always included in calculations, so the total charge is
set always to zero. Moreover, for the oxidized form of CuBP-
Me2H2, three possible situations were investigated: (a) OH/O
species in the cis position with respect to two Me groups
(indicated in the following as Cu(OH/O)BP-Me2H2), (b)
OH/O species in the cis position with respect to Me and H
groups (indicated in the following as Cu(OH/O)BP-
MeHMeH), and (c) OH/O species in the cis position with
respect to two H groups (indicated in the following as
Cu(OH/O)BP-H2Me2). Spin multiplicity was, respectively, set
to 2S + 1 = 1 and 2S + 1 = 2 for CuBP-XmYn and Cu(OH)BP-
XmYn and 2S + 1 = 3 for Cu(O)BP-XmYn and (tButO)Cu-
(OH)-XmYn molecular models, the final spin contamination
always resulting to be less than 10%.
Computed E [ev] vs vacuum values (hereafter Ecomp, to be

compared with experimental values Eexp as above-defined)
were obtained from ΔGred

298K computed for the reaction:

+Cu(II)BP X Y e Cu(I)BP X Ym n m n

without including ΔH and −TΔS for free electron and
applying the PCM (IEF-PCM) approach26 as an implicit
solvent scheme. Two types of ΔGred

298K were evaluated: (i) the
first (hereafter ΔGred

298K) was obtained by adopting the
Gaussian16 code default settings for the PCM scheme from
the relation ΔGred

298K = G(Cu(I)BP-XmYn) − G(Cu(II)BP-
XmYn) where G values were computed after frequency
calculations on fully optimized structures; (ii) the second
(hereafter drcΔGred

298K) obtained through the relation drcΔ-
Gred

298K = drcΔEred298K + corrΔGred
298K; in this case, drcΔEred298K

was obtained by single-point energy calculation on optimized
structures obtained at point (i) and switching on the dis,27,28

rep,27,28 and cav29 additional inputs for the PCM scheme;
corrΔGred

298K is the difference between the thermal correction
to Gibbs free energy terms obtained from frequency
calculation performed on structures at step (i).
To evaluate the energetics and thermodynamics features of

the considered reactions (in DCM) among CuBP-XmYn and
tButOOH, i.e.:

= +
+

(reaction 1) CuBP X Y tButOOH

Cu(OH)BP X Y tButO
m n

m n

DCM

= +
+

(reaction 2) CuBP X Y tButOOH

Cu(O)BP X Y tButOH
m n

m n

DCM

ΔE, ΔH298K, and ΔG298K were computed according to the
general formula:

=

=

=

E e e H

h h G

g g r

;

;

p r

p r

p

298K

298K 298K 298K

298K 298K

where e, h298K, and g298K refer to the electronic energy,
enthalpy, and Gibbs free energy and r and p show, respectively,
the reactants and products.

Moreover, ΔE for reaction 1 was also evaluated adopting the
PBE030-D3-bj,12,13 M06L31-D3,12 M0632-D3,12 M062x32-
D3,12 TPSSh33,34-D3-bj,35 cam-B3LYP36-D3-bj,12,13 and
ωB97X37-D335 functionals through single-point energies on
optimized B3LYP-D3-bj geometries.
Finally, to test the degree of static correlation and the

multireference character of the formed Cu−OH bond in
CuBP-XmYn complexes, the B1 test proposed by Truhlar et al.

15

was adopted on CuBP-Me0H4 and CuBP-Me4H0, the energy
contribution to binding energies BE being computed,
respectively, on optimized Cu(OH)BP-XmYn, optimized OH,
and [CuBP-XmYn]def (i.e., the CuBP-XmYn complex in the
geometry that it has after the interaction with OH). For
systems/chemical bonds where static correlation and multi-
reference character are negligible, B1 was verified to be B1 < 10
kcal mol−1. Notice that B1 (together with the T1 diagnostic at
the CCSD level)38,39 was also computed on the isolated
(CuOH)+ / (CuO)+ reference systems.
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