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The competition between coordination of an incoming ligand (CO, CH3CN, PH3, H,0, MeOH, PhOH and O,
inits triplet state) and decoordination of one arm of the tripod is examined in the case of the [Cu(TMPA)[*
and [Cu(tren)]* complexes from a theoretical point of view. It is shown that in the case of strong ligand (CO,
CH3CN and PH3), arm and ligand coordination are competitive but that coordination of both is the most
favored structure. In the case of ROH ligands, a structure with one arm decoordinated and interacting
through H-bond with the hydroxyl hydrogen is found. This structure is of special interest as it allows
liberation of one bonding site, which can be used for further dioxygen coordination. The consequences
of these results on the oxidation of alcohols by dioxygen catalyzed by these classes of complexes are

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the course of the development of innovative concepts and
synthetic tools toward greener chemical processes [1,2], the use of
0, as an oxidant has drawn sustained attention in the last decade.
As an illustration of the chemical procedures involving O, as the
primary oxidative species, the so-called biomimetic approach has
been inspired from the way dioxygen is activated in living systems
[3]. In various metalloenzymes, dioxygen activation is effectively
supported by copper (I) or copper (II) active sites that can in turn
be modeled by copper complexes built on polydentate N-donating
ligands [4,5]. Such species were shown to catalyze four electron
reduction of dioxygen [6]. Among them, two classes of neutral N3N
ligands (Scheme 1) such as tris(2-methylpyridyl)amine or tris(2-
aminoethyl)amine (thereafter respectively referred to as TMPA and
tren, respectively) have drawn our attention [7-14] due both to
their incorporation in a large variety of structures [15-18] and to
their remarkable versatility from the view point of both coordina-
tion mode [19] and reactivity [4] toward dioxygen. Among other
properties, [Cu(TMPAR)]* and [Cu(trenRR)]* complexes can form
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either a 1:1 or a 2:1 copper-dioxygen adducts upon addition of
dioxygen [4,19]. As a consequence, depending on the experimen-
tal conditions and the exact substitution at the TMPAR or tren®F
moieties (Scheme 1), they can thus be considered as bio-inspired
models of enzymes containing either a CuO, or a Cu;0, core.
Regarding the reactivity of the copper-dioxygen adduct toward
exogenous substrates, numerous examples of reactivity of the 2:1
compounds have been reported, while fewer is known about the
oxidative capabilities of 1:1 adducts toward organic substrates
[4]. Recent investigations suggesting that oxidative reactions can
take place using 1:1 adducts such as [Cu(TMPANMe2)(0,)]* [20] or
[Cu(tren™GTMGY)(0,)]* [21] drew our attention (Scheme 1) as they
point out the potential sensitivity of this reactivity to the exact
nature of the R and R’ substituent.

Understanding the molecular grounds of copper-dioxygen
catalysis is challenging and has actually stimulated numer-
ous theoretical studies dealing mostly with structural, energetic
or electronic aspects of the oxidation mechanisms. Dioxygen
coordination modes and energies have been examined and com-
pared to experimental data. The subsequent reactivity toward an
exogeneous substrate has then often been considered as an inter-
molecular mechanism [22] which is surprising as a common role
of metal complexes in catalyzing multimolecular reactions relies
on their capabilities of coordinating all reactive species onto a sin-
gle metal center, gathering them in a reaction-adapted geometry
to avoid entropically costly rearrangements. In the case of these
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N3N ligands, the simultaneous coordination of O, and of the reac-
tive substrate requires the liberation of a coordination site, as only
one vacancy is available in the initial [Cu(N3N)]* complex. This
can be obtained via decoordination of one of the arm of the ligand
(Scheme 2), a process for which evidences have been reported in
the literature for some TMPAR complexes, either on XRay structures
[23], NMR data [24] or formed under photochemical activation [25]
but, to our knowledge, not for the tren®R ones.

The objective of the present contribution is thus to investigate
this possibility in the case of the prototype TMPAH and tren™H com-
plexes, and to examine the possible mechanistic consequences on
the reactive properties of the copper-dioxygen adducts. The pro-
totype ligands L=CO [25], CH3CN [24] and PH3 [23] will be first
examined within the framework of the structural and energetic
description of the decoordination described in Scheme 2. This is
especially significant as evidences for such decoordination of one
arm have been reported for all three ligands in systems closely
related to [Cu(TMPA)]*. We will next turn to the biologically rele-
vant water and alcohol ligands, the latest being the substrate of the
oxidation processes observed experimentally (Scheme 1). Finally,
the coordination of O, in the absence or in the presence of alcohol or
water is examined and various conclusions related to the catalytic
reactivity within these species will be drawn.

2. Computational details

Full geometry optimizations were conducted without symmetry
restraints using the Gaussian 03 program. [26] The DZVP2 basis set
was employed for all atoms. [27] A set of p diffuse functions was
added on oxygen and nitrogen. [28,29] For the Density Functional
Theory (DFT) calculations, the hybrid B3LYP exchange-correlation
functional [30-33] was used in its unrestricted formalism when
triplet states are considered. The B3LYP functional has proven to
successfully predict correct association energies of ligands to Cu(I)
[34,35]. All results are given without BSSE correction, as this one
is not expected to modify the general trends examined here [9].
The quality of the obtained electronic properties is confirmed on
[Cu(TMPA)R(CO)]* complexes (R=H or NH;) by comparison of the

computed v vibrational frequencies scaled by a factor of 0.97 [36]
to experimental data (Table 1). The computed values are within
3cm~! of the experimental ones and the variations upon changing
group R within 1cm~! of the experimental values.

In our study, we report various energetic data:

E(X) is the energy of structure X with respect to the reference. The
common reference used throughout this work is the [Cu(N3N)]*
complex in absence of L ligand, further referred to as A(@). E(X)
is thus computed as the energy for the optimized X(L) structure
with respect to the optimized non-coordinated complex A(@) and
the optimized ligand L.

AE(X]Y) is the relative energy of structure X with respect to struc-
ture Y, structures X and Y having the same chemical composition.
In particular, AE(B/A)is the energy of complex B(L) with respect to
complex A(L) and thus corresponds to decoordination of one of the
tripod arm. AE(X]Y)is computed as the energy difference between
the optimized X(L) complex and the optimized Y(L) complex.
AE:(X) is the coordination energy of ligand L in structure
X(L) and is taken as the energy difference between optimized
structure for X(L) and the sum of the energies of optimized non-
coordinated complex X(@) and optimized ligand L. Let us notice
that AE.(A)=E(A).

Binding energies were checked for a potential influence of basis
set superposition error (BSSE) on selected structures: the prototype
ligand CO was examined, together with O, and H,O (considered as a
model of alcohol). The BSSE were computed using the counterpoise
method as implemented in the Gaussian program [37,38]. Its value
for the L binding energy within the A(L) structures varies between
2.1 kcal mol~1 for the weakly bonded H,0 ligand and 6.6 kcal mol !
for the more strongly bonded CO. In contrast, the influence of BSSE
onreaction energy is found to be small. For instance, itis always less
than 1kcalmol-! for the A(L)— B(L) process. For selected struc-
tures, importance of adding an implicit solvation was examined
using single point computations on gas phase optimized geome-
try. These results are reported in Table 2. For these computations,

Table 1
Computed CO vibrational frequencies as a function of TMPA functionalization com-
pared to experimental data.

Vexp (cm ! ) Vcomputed (cm ! )
Unscaled Scaled
[(CO)Cu(TMPA)]* 2092 2153 2089
[(CO)Cu(TMPAPNMe2) |+ 2079 2141 2077
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Table 2
Corrections to the energies due to solvation by a continuum model (correction to
the energy for processes X — Y described in column two, in kcal mol-').

Solvation using a continuum

Process A(AEy)x) for TMPA A(AEyjx) for TREN
L=CO A—B 1.02 0.63
L=0, A—B 0.04 -0.79
L=H,0 A—C 1.30 NC

the PCM model with the dielectric constant implemented for THF
(er=7.58)[39] and the defaultimplemented in Gaussian 03 is used,
except for acidic hydrogen for which an additional sphere is added.
The effects are found to be small and not sufficient to reverse the
general trends discussed in this article. The results presented in the
following study thus do not account for implicit solvation. In addi-
tion, as the solvent used experimentally is not a H-bond donor, no
explicit inclusion of solvent was carried out.

Similar values can be estimated for Gibbs free energies and
are respectively labeled as G(X), AG(X/Y) and AG(X). To this end,
the vibrational frequencies were computed within the harmonic
approximation and used without scaling procedure; and the esti-
mation of the thermal and entropic corrections have been obtained
on the basis of statistic thermodynamics approximationat T=213 K
which is a common experimental temperature [20,21]. The nature
of the transition states was ensured by confirming the presence of
a single imaginary frequency. The connection between transition
states and minima were ensured by carrying out small displace-
ments of all atoms in the two directions along the imaginary
frequency mode and carrying out geometry optimization using
these geometries as starting points. Partial atomic charges (NPA)
have been evaluated according to the Natural Bonding Orbital
(NBO) approach [40].

3. Prototype ligands: L=CO, CH3CN and PH3

The structures of the A(CO) and A(CH3CN) complexes built on
the tren ligand have already been examined in previous studies
devoted to the [Cu(tren)(L)]* complexes [9] and were found similar
to those obtained for the [Cu(TMPA)(L)]* complexes. The following
geometrical descriptors are used to quantify the deviations from a
perfect trigonal pyramid geometry (bipyramid geometry in pres-
ence of fifth ligand L) (Fig. 1 and Table 3)

(i) The basal dihedral angle £2=Np,s—Cu-Np,s—Npas, is close to
180° (153° for TMPA and 160 for tren) in the absence of ligand
L, namely for A(®) complexes. Significant out-of-plane dis-
tortions take place upon coordination of L, and 2 decreases
between 123° and 128° for structures A(L) (L=CO, CH3CN and
PH3), with little effect with respect to the nature of L or to the
N3N tripod.

(ii) Another structural indicator is the average Nap—-Cu-Np,s angle,
referred to as Y. Values of X' are quasi-identical for the tren
and the TMPA derived complexes with deviation less than 2°
in all four structures reported in Table 3. Binding of the fifth
ligand L significantly decreases X' from about 83° to about 72°,
without any significant effect with respect to the nature of the
N3N tripod or to that of the nature of ligand L.

(iii) In all cases, exogenous ligand L is perfectly coordinated in trans
position with respect to the apical ligand as testified by the
Nap-Cu-L angle which are all found to be very close to 180°.

In contrast to the angular properties described above, the Cu-N
distances are sensitive to the chemical nature of both the tripod and
ligand L, in a manner that can be easily rationalized on the basis of

B(9)

B(CO)

Fig. 1. Representations of structures A and B in the absence of ligand (left, top A(@)
and bottom B(@)) or in the presence of CO (right, top A(CO) and bottom B(CO)).

the nature of the nitrogen binding centers and of the flexibility of
the tripod:

(i) Since the apical nitrogen is a tertiary amine nitrogen for tren
and TMPA, the Cu-N,p bond lengths are identical in the absence
of exogenous ligand L (structure A(@)) whereas the Cu—Np,
bond lengths are found to be shorter when bonding is ensured
by the sp? nitrogen lone pair of the TMPA (2.04 A) than when
ensured by the (higher in energy and thus less o donating) sp>
lone pair of the tren (2.11A).

(ii) Upon binding of exogenous ligand L (structure A(L)), the
Cu-Ny,s bond lengths slightly increase, by 0.09A up to 0.15A,
depending on the nature of the N3N moiety and of ligand L. A
much larger lengthening is observed for the Cu-N,;, distance
which increases from about +0.25 A for TMPA to about +0.45 A
for tren. This is consistent with a more flexible structure of the
tren ligand, which allows a more complete decoordination of
the apical ligand upon coordination of L.

We next turn to the decoordination of one of the arms of the N3N
tripod. These structures were optimized in the absence of ligand
(B(@) structure) and then for L=CO, CH3CN and PH3 (B(L) struc-
tures).In all cases, the decoordination of one arm leads to additional
major reorganizations of the binding at copper, in a similar way for
both the tren and the TMPA complexes:

(i) In the absence of ligand, the trigonal pyramid structure of A(@)
turns to a T-shaped coordination in B(@), as illustrated on Fig. 1
and by the increase of the Nj,;—Cu-Np,s angles which come
close to 180° in B(@). This increase is larger for TMPA (168°)
than for tren (158°) and is associated to a lengthening of the
Cu-N,p distance and a shortening of the Cu-Np,s ones.

(ii) In the presence of ligand L, the trigonal bipyramid A(L) turns
to a distorted tetrahedral B(L), as shown by the angles at Cu
which all come closer to 110°. The Np,s—Cu-Ny,,s angle remains
unchanged within 110-116°. The N;p—-Cu-L angle decreases
significantly from 180° to a value of (127.5+1.5)° and the
Nap-Cu-Np, angles, despite the constraint by the tripod arms,
increase to (83 +3)° (a value close to that in A(@) structures).
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Table 3

Potential energies and Gibbs free energies (kcal mol-', at 213 K) and geometric data (distances in A and angles in degrees, (. ..) stands for average value over all equivalent
distances) for A(L) and B(L) complexes. The symbols for geometrical values are described in the text and for energetic data in the computational details part.

L TMPA tren

(/] CcOo CH3CN PH3 (%] Cco CH5;CN PH3
AE(BJA) 9.4 3.9 4.7 24 12.6 3.1 3.6 33
E(A) 0.0 -15.6 -15.5 -8.1 0.0 -15.1 -15.2 -9.3
E(B) 9.4 -11.7 -10.8 -5.7 12.6 -12.0 -11.6 -59
AE.(B) N.C. —-21.1 -20.2 -15.1 N.C —-24.6 —24.2 -18.6
AG(BJA) 8.8 39 3.8 2.5 11.6 2.7 2.7 2.7
G(A) 0.0 -8.2 -8.1 -0.3 0.0 -7.6 -8.7 -59
G(B) 8.8 -43 -43 2.2 11.6 -4.9 —6.0 13
AG(B) N.C. -13.1 -13.1 -6.6 N.C. -16.5 -17.6 -10.3
Cu-L(A) N.C. 1.87 2.04 2.31 N.C. 1.88 2.02 2.31
Cu-L(B) N.C. 1.83 1.92 2.23 N.C. 1.83 1.92 2.23
Cu-Nyp(A) 2.25 2.50 2.50 2.49 2.26 2.71 2.66 2.71
Cu-Nap(B) 2.30 2.21 2.29 2.26 2.32 221 2.27 2.25
(Cu-Np,s(A)) 2.04 2.18 2.14 2.19 2.11 2.20 2.20 2.21
(Cu-Np,s(B)) 1.93 2.08 2.07 2.09 1.97 212 2.14 2.14
22(A) 153 125 128 126 160 123 128 124
Npas—Cu-Npas(B) 168 111 116 113 158 110 114 111
X(A) 82 73 74 73 84. 72. 74. 72.
X(B) 84 81 80 80 86. 85. 84. 84.
Nap—Cu-L(A) N.C. 180 180 179 N.C. 180 179 180
Nap—Cu-L(B) N.C. 128 127 129 N.C. 127 126 129

The Cu-L bond lengths significantly decrease upon the deco-
ordination of the arm, in good agreement with the energetic
data which show that the energies of coordination of L in the
tetracoordinated B(L) forms (values of AE.(B) in Table 3, rang-
ing from —15.5 to —24.6kcalmol~! depending on the nature
of L and the tripod) are significantly larger than the binding
energies of L in the pentacoordinated A(L) forms (from —8.1 to
—15.6kcal mol~1, see E(A) values in Table 3).

As a consequence, the decoordination energy AE(B/A) of one of
the arms of the tripod is significantly larger in the absence of ligand
L (endoenergetic by 9.4 kcal mol~! for TMPA and by 12.6 kcal mol~!
for tren) than when ligand L is already coordinated (between +2.4
and +4.7 kcalmol~1). This is associated to a different geometric
behavior as the structural differences between B(@) and B(L) are
much larger than those between A(@) and A(L). As these results are
similar when Gibbs free energies are concerned, it can be concluded
that B is highly disfavored in absence of additional ligand, whereas
is becomes competitive with the A form in presence of a ligand.

It is tempting to use these data to carry out a systematic com-
parison to the numerous experimental results available on these
systems. However, the model considered for the tripod and the
absence of counter-ion [41] and of solvent effects does not allow
direct comparison. For instance, acetonitrile and carbonyl ligands
are found to have similar AG whereas CO is experimentally found to
displace CH3CN [18]. Another example concerns PR3 bonding com-
plex, for which the A structure is found to be favored theoretically
(R=H)whereas the B structure is observed from X-Ray data (R =Ph)
[23]. In addition, the absence of BSSE corrections was shown in the
experimental details to forbid the comparison for binding energies
between two different ligands.

Let us finally give a first piece of answer to the question of the
title that is, what is the result of the competition between arm
and ligand binding? This is obtained from the E(B) and G(B) val-
ues, which correspond to the process: A(@)+L— B(L). In the case
of the prototype L=CO and CH3CN ligands, intramolecular bind-
ing of one arm is disfavored over coordination of incoming ligands
L. For the less coordinating PH3 ligand, its binding is energetically
favored over that of a nitrogenated arm, in good agreement with the
HSAB rule stating that, in presence of other nitrogen ligands [42],
the rather soft copper (I) cation preferentially binds soft ligands as
phosphines over harder ligands such amines, but the entropic cost

of the intermolecular binding for PH3 leads to a slightly positive
Gibbs free energy G(B).

4. Coordination of water and alcohol

A significantly different bonding scheme is obtained when
examining the coordination of water and alcohol ligands ROH with
R=H, methyl (Me) and phenyl (Ph) to the copper center (Table 4).

The A(ROH) structures could only be optimized in the case of
the TMPA ligand as the model used for tren introduces an unrele-

Table 4
Potential energies and Gibbs free energies (kcal mol~', at 213 K) and geometric data
(distances in A and angles in degrees, (. . .) stands for average value over all equiva-

lent distances) for B(ROH) and C(ROH) complexes. The symbols for energetic data
are described in the text.

TMPA tren

H,0 MeOH PhOH H,0 MeOH PhOH
AE(B) -7.1 -85 -6.8 -10.1 -114 -10.0
E(A) -6.3 —6.7 -6.6 N.C. N.C. N.C.
E(B) 23 0.9 2.6 2.6 13 2.6
E(C) -5.8 -6.5 -7.1 -7.2 -8.1 -7.8
AE(B[C) 8.1 7.4 9.7 9.8 9.3 104
AG¢(B) -0.5 -1.5 0.0 -3.6 -4.2 -2.7
G(A) 0.6 0.6 0.8 N.C. N.C. N.C.
G(B) 8.3 7.3 9.1 8.0 7.4 9.0
G(C) 3.1 2.5 2.1 1.1 0.4 0.3
AG(B|C) 5.2 4.8 6.9 7.0 71 8.7
Cu-Nzp(A) 2.32 2.33 2.32 N.C. N.C. N.C.
Cu-Nap(B) 2.33 231 2.30 231 2.30 2.33
Cu-Ngp(C) 2.35 235 2.35 2.38 2.38 2.38
(Cu-Np,s(A)) 2.06 2.06 2.06 N.C. N.C. N.C.
(Cu-Np,s(B)) 2.00 2.01 2.01 2.05 2.06 2.04
(Cu=Npas(C)) 2.01 2.02 2.01 2.07 2.08 2.06
Cu-0(A) 2.82 2.73 2.73 N.C. N.C. N.C.
Cu-0(B) 2.20 2.15 217 2.26 2.20 2.30
Cu-0(C) 2.11 2.09 213 2.10 2.08 2.10
N...H(C) 1.72 1.75 1.71 1.73 1.76 1.71
0O-H(B) 0.97 0.97 0.97 0.97 0.97 0.97
0-H(C) 1.00 1.00 1.01 1.01 1.00 1.01
Nap—Cu-0(A) 164 166 172 N.C. N.C. N.C.
Nap—-Cu-0(B) 126 118 119 118 118 124
Nap—-Cu-0(C) 107 108 107 106 108 107
Npas—Cu-Npas(A) 117 117 117 N.C. N.C. N.C.
Npas—Cu-Npas(B) 135 131 130 139 134 140
Npas—Cu-Npas(C) 128 127 131 129 128 131
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A(PhOH)

B(PhOH)

C(PhOH)

Fig. 2. Coordination of phenol (PhOH) to the [Cu(TMPA)]* complex in the vacant site (left structure, A(PhOH)), with a dangling arm (center, structure B(PhOH)) and with an

H-bonded arm (right, structure C(PhOH)).

vant parasitic hydrogen bond between the hydrogen of the model
NH, group located at the end of the tripod’s arms and the oxygen
hydroxyl function of the incoming ligand (NH,. . .OH interactions).
For TMPA, the A(ROH) structures are found to exhibit small bind-
ing energies close to —6.5 kcal mol—1, leading to Gibbs free energies
close to zero. In good agreement, the Cu...O distances are long
(between 2.73 and 2.82 A) whereas the geometric features charac-
teristic of the tripod are almost unaltered with respect to the A(@)
structure. The ROH ligand in the A(ROH) structures can thus be
considered as quasi-unbounded.

Stronger interactions of the alcohol ligand to the metal center
are obtained when decoordination of one of the tripod arms takes
place. As illustrated in Fig. 2 in the case of the phenol ligand, two
types of structures are obtained which implies either a full decoor-
dination of one arm - structure B(ROH) - or the insertion of ligand
ROH within one of the Cu-N, bond to result in the formation of an
hydrogen bond between the nitrogen of the arm and the OH group
of the ligand - structure C(ROH).

The structures B(ROH) are closely related to those observed
for the prototype ligands (Table 4): the Nap—Cu-O(H)R angle lies
between 118 and 126° which is close to the 127° value obtained
on average for the B(L) structures (L=CO, CH3CN or PH3). The
Npas—Cu-Np,s angle lies between 130 and 140°, which is signif-
icantly larger than the 113° value obtained in average for the
prototype ligands, but remain much smaller than the 163° value
obtained in average for structures B(@). The binding energy of water
or alcohols to the copper center (AEc(B) in Table 4) in structures
B(ROH) amounts to about 7.1 and 10.4 kcal mol~!, which is signif-
icantly smaller than the values obtained for B(CO), B(CH3CN) and
even B(PHj3) (all larger than 15 kcal mol~!, see Table 3). Finally, a
constant trend concerning the effect of the tripod can observed
for forms B whatever the ligand: the coordination to the tren con-
taining complexes is larger than the coordination to the TMPA
containing systems.

Most surprisingly, despite the fact that they are formally
obtained by insertion of ligand ROH within the Cu. . .0 bond in A(@)
structures (see below for mechanistic insight), structures C(ROH)
are very close to B(ROH) and are even closer to an ideal tetrahe-
dron. This is evidenced by the Nap—Cu-O(H)R and the Nj,5-Cu-Np,s
angles which are closer to 109° in structures C than in the corre-
sponding B forms. In particular, this corresponds to a diminution of
the Nap—Cu-0 angles, which can be associated to an attraction of the
alcohol ligand by the arm through the H bond. The energy of the H-
bond can be evaluated as the energy difference between structures
C(ROH) and B(ROH) and is reported in Table 4 in entry “AE(B/C)".
It lies between 7.4 and 10.4kcalmol-!, depending on the nature
of R and of the tripod. A rational of the strength of the hydrogen
bond is easily obtained using the acidity constant of the alcohols:
the more acidic the alcohol (PhOH > H,0 > MeOH), the stronger the

H-bond (the larger the AE(B/C) values). Similarly, the less basic
pyridine (pK; = 5.3) makes weaker bonds than the more basic pri-
mary amine (pK,=10.7 for ethanamine). The H-bond distance is
found to be only marginally dependent on the nature of R but fol-
lows a similar trend: the larger the binding energy, the smaller the
N...Hdistance. The OH bonds are hardly altered by the H-bond and
are not significantly affected by the nature of R.

The energies of structures C thus result from the competition
between three phenomena, according to the decomposition steps
proposed in Scheme 3:

(i) The decoordination of an arm of the tripod quantified by
AE(B/A) in Table 3 for structures B(@). It is found to be easier
for TMPA than for tren.

(ii) The coordination of the alcohol, given by AE.(B) in Table 4,
which is found to be larger for tren than for TMPA, but also
slightly smaller than the arm decoordination (contribution i)
so that E(B) energies for structures B(ROH) are slightly positive.

(iii) The formation of a strong hydrogen bond, given by AEgc in
Table 4, which allows structures C(ROH) to be lower in energy
than the separated A(@) and ROH. When entropic effects are
included, the formation of C(ROH) from the separated starting
material is thus quasi-neutral, as observed from the very small
Gibbs free energy values, and slightly more favored in the case
of the tren containing complexes.

We next examine whether it is necessary to undergo full decoor-
dination of the tripod arm to allow formation of structure C(ROH).
This study was carried out in the case of the TMPA tripod and
insertion of water was examined. The results are given in Fig. 3.
A transition state (TS) for insertion of water within the Cu-N bond
is found only 6.0 kcal mol~! above A(H,0) in Gibbs free energy. This
reaction is thus found to be an easy transformation, as the Cu...N
bond breaking is only partial in the TS (from 2.06 A in A(H,0) to
2.76 A in the TS compared to 3.56 A in C(H,0)) whereas the Cu. ..0
bond is strongly reinforced when going from the starting mate-
rial (2.85A) to the TS (2.25A) whereas a very small shortening is
observed to reach the product (2.11 A).

In comparison, all dissociative pathways have to go through
B(ROH) geometries, which is always more than 7.6 kcal mol~!
above A(ROH) and is thus not a competitive possible reaction.

5. Dioxygen adducts

In this final Section, we investigate the coordination of dioxy-
gen to the [Cu(N3N)]* moieties (Table 5 and Fig. 4). We here only
consider end-on coordination in the triplet spin state since it has
been suggested to be the most energetically favorable coordina-
tion mode in the case of N3N ligands [9]. Dioxygen binding energy
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Fig. 3. Structures (distances in A), potential energies/Gibbs free energies (with respect to dissociated A(@) and water in kcal mol-') for the reaction path for insertion of

water in the Cu-N bond.

Table 5

Potential energies and Gibbs free energies (kcalmol~', at 213 K) and characteristic distances for O, coordination (in A, O, stands for the proximal oxygen) for A(02), B(02)
(values given after the/sign) and D(ROH) complexes. The symbols for energetic data are given in the computational details part. AEo, stands for the binding energy for the

dioxygen ligand.

L= TMPA tren
A(02)/B(02) D(H,0) D(MeOH) D(PhOH) A(02)/B(02) D(H,0) D(MeOH) D(PhOH)

E(X) -9.4/3.8 -10.2 -11.1 -9.8 -7.6/6.7 -11.7 -12.7 -11.0
AEo, -9.4/-5.6 —4.4 —4.6 -2.7 —7.6/-5.9 —4.5 —4.6 -3.2
G(X) -1.7/10.3 5.5 5.0 59 -0.3/12.2 34 2.5 23
AGo, -1.7/1.5 24 2.5 3.8 —-0.3/0.6 2.3 2.1 2.1
Cu-0, 1.99/2.05 2.07 2.07 2.09 2.01/1.99 2.09 2.08 2.12
0-0 1.27/1.27 1.26 1.26 1.26 1.27/1.27 1.26 1.26 1.26

to [Cu(TMPA)]* in the triplet state is found to be exothermic by
9.4 kcal mol~1, which is slightly larger than for the coordination of
PH; or phenol ligands. In contrast, a 7.6 kcal mol~! value is obtained
in the case of the tren containing complex, a value smaller than for
the coordination of PH3 or phenol. This can be understood by con-
sidering dioxygen as an acceptor-only ligand, in opposition to the
mostly donor ligands PH3 or phenol. A NPA analysis of the charges

A(Oy)

B(03)

on the O, moiety taken in complex A(O2) confirms that the larger
binding energy of dioxygen in the case of the TMPA tripod corre-
lates with a larger charge transfer to dioxygen: the charge at O,
in the case of TMPA amounts to —0.25 electron whereas it is only
—0.18 electron for tren. In addition, no decoordination of the apical
nitrogen of the TMPA or tren tripod is observed upon coordina-
tion of 0y (Cu-Nap=2.22A in [Cu(TMPA)(0;)]* instead of 2.25A

D(PhOH)

Fig. 4. Coordination of dioxygen (triplet form) to the [Cu(TMPA)]* complex in the vacant site (left structure, A(O;)), with a dangling arm (center, structure B(O;)) and with a

phenol ligand already present (right, structure D(PhOH)).
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A(02)
9.4

B(0y)
3.8

D(PhOH)

A(PhOH)
6.6

-9.8

C(PhOH)
71

Scheme 4. Energetic (potential energy in kcal mol~1) features for the possible intermediates toward the coordination of the two incoming ligands.

in [Cu(TMPA)]* and Cu-Nap=2.23 A in [Cu(tren)(0,)]* instead of
2.26 A in [Cu(tren)]*). The role of the apical atom in enhancing the
stabilization of the [Cu(0O,)] adducts for N3X chelating ligands has
been stressed elsewhere [9].

As suggested by this bonding scheme, decoordination of one of
the arms of the tripod (leading to structure B(0,), Fig. 4) is much
more disfavored in the case of L=0, (13.2kcalmol~! in the case
of TMPA and 14.3 kcal mol-! for tren) than when one of the proto-
type ligand is present (3.5 kcal mol~! in average for CO, CH3CN and
PH3 in TMPA and tren containing tripods, see Table 3), or for the
H-bonded ligands ROH (+9.1 kcal mol~! in average for R=H, Me or
Ph and for tren and TMPA, see Table 4), or even for the naked tri-
pod (11.0kcalmol~! in average for TMPA and tren, see Table 3).
Most surprisingly, this weaker binding is associated to a significant
lengthening of the Cu-O, distance only in the case of the TMPA
tripode (from 1.99 A to 2.05 A), highlighting the weakening of the
interaction between dioxygen and copper in this complex (which
diminishes by 3.8 kcalmol~1). No such lengthening is obtained
for tren, in accordance with a smaller decrease of the O, bind-
ing energy upon decoordination of the arm (only 1.7 kcal mol—1).
As a consequence, the binding energy of O, to structure B(@) is
—5.6kcalmol~! for TMPA and —5.9 kcal mol~! for tren. This is sig-
nificantly smaller than for the coordination of dioxygen in form A,
in contrast to what was observed for all other ligands for which
decoordination of one arm increases the binding energy of the new
ligand. Decoordination of one of the tripod arms decreases dioxy-
gen bonding, whereas it increases CO bonding.

With such a bonding scheme, it is expected that similar results
should be obtained for the coordination of dioxygen to the three
ROH bonded complexes C(ROH). The obtained structure is referred
as D(ROH) (Fig. 4) and results are gathered in Table 5. The bind-
ing energy of O, can then be computed as the difference between
E(D) (Table 4) and E(C) (Table 5) for a given ROH and a given
tripod. Exothermic O, binding is found, with values between 2.4
and 4.6 kcal mol~! for the binding energy, the smallest value being
found for PhOH in the tren or TMPA complex. These values are sig-
nificantly smaller than in the absence of alcohol (complexes A(02)):
this is in line with a less donating character of the alcohol ligands
with respect to the nitrogen containing ligands, and thus with a
smaller donating power of entities C(ROH) with respect to A(9).

In addition, long Cu...O, distances are found, in line with weak
dioxygen binding.

6. Conclusion

We have shown that decoordination of one of the tripod arms
plays a major role for the formation of reactive intermediates for the
oxidation of exogenous substrates catalyzed by copper-dioxygen
adducts. Indeed, such a decoordination increases the ligand bind-
ing energy for any donor ligand whereas it decreases the binding
abilities of dioxygen. As a consequence, decoordination of one arm
of the N3N tripod in [Cu(N3N)(O,)]* (A(O3)) to allow coordination
of a potentially oxidized exogenous ligand (Scheme 4, top) leads
to an endothermic intermediate and is thus highly unlikely. These
observations lead us to propose that catalyzed oxidation of the phe-
nolic ligand by complexes [Cu(N3N)(O,)]* should rather take place
according to the sequence described in the bottom of Scheme 4:
first, coordination of the phenolic ligand takes place in the vacant
site and easy insertion within the Cu-N bond takes place leading to
an H-bonded complex. With such a process, one coordination site
is kept for the second incoming ligand, namely O,. In these condi-
tions, the whole reaction sequence is found to occur via low energy
structures, and appears to be largely favored. In this reaction path,
the formation of an H-bond between the tripod and the substrate
is found to play a major role, as it allows the correct positioning of
the substrate within the coordination sphere of the copper, without
loss of a binding lacuna and no high energy intermediate.

This proposal for an associative reaction pathway for the reac-
tion shown in Scheme 1 is in strong contrast with recently
published results and thus deserves further examination, for exam-
ple by including solvent effects. In particular, decoordination of
one arm allows oxidation of the phenolic species to take place in
a monomolecular mechanism, which prevents the strong entropic
costs associated to bimolecular steps. The full reaction path is cur-
rently under study.
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