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Density functional theory (DFT) calculations have been carried out to elucidate the mechanism of self-oxidation of a
Cu(ll) complex octaaza dinucleating macrocyclic ligand. The reaction is bimolecular and spontaneous, in which amine
groups of one macrocycle are oxidized and the Cu'" centers of a second macrocylic complex are reduced. No additional
oxidation or external base agents are required. DFT calculations predict the reaction to proceed via a two-step
mechanism, in which the first step is proton transfer between two reactant complexes. This is followed by a second
transfer step in which an electron and proton are transferred together between the two complexes. Concurrent with this
external transfer there is also an internal electron transfer in which the ligand reduces the metal center to give the imine
product bound to Cu'. The complexity of this final step differs from the generally accepted mechanisms for transition
metal catalyzed amine to imine oxidation in which protons and electrons are transferred individually.

Introduction

Macrocyclic ligands are a growing class of compounds
because of their diverse nature and multiple applications.'*
Within this field we® have recently developed a family of
macrocyclic ligands based on hexaaza and octaaza binding
groups that are summarized in Figure 1.

All these macrocyclic ligands react with Cu(I) or Cu(II) to
generate the corresponding dinuclear complexes. The elec-
tronic and geometric properties of these dinuclear complexes
are fine-tuned by the combination of effects exerted by the
macrocyclic ligands, namely, (a) the para or meta substitution
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in the aromatic spacer, (b) the two or three methylenic units
in the aminic or iminic arms, (c) the secondary or tertiary
nature of the amine, and (d) the presence or absence of
additional coordinating pendant arms.* In addition, the
macrocyclic ligands also make it possible to control the
relative disposition of the two metal centers and thus can
generate genuine cooperative effects for DNA interactions,’
for the recognition of anions,® and for the activation of small
molecules such as dioxygen,’ carbon dioxide, and so forth.®

Among all dinuclear Cu(Il) complexes containing the
macrocyclic ligands represented in Figure 1, only the octaaza
shown in Figure 2, [H,LCu",]*", (L has para substitution, 3
methylenic units, and a 2(methyl)pyridyl pendant arm)
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Figure 1. Macrocyclic ligands.
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Figure 2. Amine to imine oxidation reaction for [HyLCu'LJ*.

undergoes a spontaneous self-oxidation—reduction reaction
where Cu(II) is reduced to Cu(I), and half of the amine groups
of the ligand are oxidized to the corresponding imines with a
net loss of 2H™ and 2e~ (or 2 H-atoms) per N—C bond, and
thus implicates a multi proton/electron redox process.

The uniqueness of this reaction that takes place only with L
and in the absence of an added base is a consequence of the
particular electronic properties exerted by the ligand to the
Cu(II) center and vice versa. It is thus of interest to under-
stand at a molecular level how and why this process occurs.

This reaction involves proton and electron transfers, and
constitutes thus an example of these important types of pro-
cesses that allow for the buildup of multiple redox equivalents
needed to carry out multielectron reactions and provides low
energy reaction pathways that avoid high energy intermedi-
ates. Multiple proton-coupled electron transfer (PCET) reac-
tions’ are being thoroughly studied because they are involved
in a range of very important reactions, such as the oxidation of
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water to molecular oxygen'® or the reduction of CO, to
methanol.'" Furthermore, nature also takes advantage of
PCET in a variety of enzymatic processes, involving vitamin
B>, cytochromes Pys, lipoxygenases,12 and in the activation
of PSII toward water oxidation."?

There is little previous mechanistic work on amine oxida-
tion by copper, although the process is known in both
biological and synthetic systems." The details at a molecular
level are not well-understood yet,' thus further investiga-
tions are pertinent to mechanistically shed light on this
important reaction. Within this context a mechanistic work
involving an Fe(III) complex has been reported recently'®
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Figure 3. Amine to imine oxidation by transition metals.
whose main conclusions are summarized in Figure 3.7 After CH;
an initial oxidation step a three step process is proposed H'L CH, —

involving (a) deprotonation of the ligand, (b) then electron
transfer, and (c) a final deprotonation step to yield the imine.

The external electron transfer is carried out by the oxidized
reactant available in the reaction mixture, while a second
electron is transferred internally from the ligand to the metal
during the second deprotonation. Thus, the overall reaction
consists of the transfer of two protons from the amine to an
external base, and the transfer of two electrons to the metal
centers, one internal and one external, as shown in Figure 3.
In contrast, in the reaction we analyze in the present paper no
external base is required. We moreover showed in a previous
study that electron transfer to the reactant is endothermic by
243 kJ mol™".'® In the present study, density functional
theory (DFT) is used to investigate in detail the mechanism
of the copper catalyzed amine to imine oxidation reaction
using a model system.

Computational Details and Model

DFT calculations were performed using the Gaussian 03
suite of programs'® with the B3LYP* functional.*® This func-
tional differs from the commonly used B3LYP functional®'-*?
in that it has 15% instead of 20% exact exchange and often
better reproduces spin-state splittings in transition metal
complexes,”® although exceptions have been reported.”* This
functional was chosen to account for eventual nuances related
to relative energies of spin states, although in the end it was not
necessary, as in fact tests of critical structures on a smaller
model for B3LYP, B3LYP*, BLYP***® and BP*’ included in
the Supporting Information find very similar results. All
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Figure 4. Mononuclear computational model of [Cu">(H,L)]*", shown
here for the imine product [Cu'(L/)]".

structures were optimized usin§ the SDD basis set®® for Cu
and S while the 6-31G(d)**3" basis set was used for all
remaining atoms. Final energies were calculated with a higher
level basis set with SDD for Cu, and 6-314++G(d,p) for the
remaining atoms with an additional d shell (exponent 0.503)
for S. This is referred to as BS II in the text.

Solvent effects for the model system were calculated using
single-point polarizable continuum model (PCM)?! calcula-
tions on gas phase geometries with acetonitrile as the solvent.
UFF radii*? were used for the construction of the cavity. This
solvation model explicitly includes the solute hydrogen atoms
in the cavity construction. Minima were confirmed through
frequency calculations, and zero-point energy corrections are
included for potential energies. Free energy corrections were
also evaluated in the model calculations.

The complex was modeled by a mononuclear system with
one copper center, shown in Figure 4. This model retains the
coordination of the ligand to the metal center of the experi-
mental system. The use of a mononuclear model is justified
because the two Cu centers in the experimental system cannot
interact to any significant degree as they are separated by over
7 A with a relatively rigid linker between them. We are unable
to envision a mechanism where at such a long distance the two
copper centers in the same dinuclear system could be simul-
taneously invoved in the same redox step, and the introduc-
tion of the full system in the mechanistic study would be
prohibitively expensive.

Cu', as a d° transition metal, generally forms five or six
coordinate complexes.®* Since the macrocycle binds to the
metal via four donor atoms this leaves a vacant coordination
site for some species along the reaction pathway. In crystal
structures of similar systems this site is filled with the solvent
or the counter-ion.? The solvent also plays an important role
in the final step of the reaction where Cu' dissociates and
is coordinated by acetonitrile to form [Cu'(MeCN),J".
To correctly model the role of the solvent and the counter-
ions, the binding of acetonitrile and/or the counter-ion,
triflate, to the metal center was explored for each species
along the reaction pathway, and they are included where they
were found to be binding or to have a significant effect
on the relative energies of the complexes. In the final product,
four acetonitrile solvent molecules were included to allow
for the formation of [Cu'(MeCN),]". In all modeling the
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Figure 5. Amine to imine oxidation reaction shown in more detail for the model system.

Proposed reaction pathways
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Figure 6. Proposed reaction pathways for the 2[H,L'Cu'"** —

counter-ions were treated with DFT, as molecular me-
chanics treatment with MM charges was found to give
unreliable results. The placement of the counter-ions was
confirmed through systematic exploration of the possible
conformations.

Scans to estimate barriers to proton and hydrogen transfer
were carried out varying the relevant N—H distances.
ONIOM calculations with the carbon atoms of the chelate
rings in the MM region were used to preoptimize structures
and then geometries were reoptimized with DFT for the
highest energy points. Single point calculations with the
higher basis set and solvent correction calculations were also
carried out for the highest points of the scan. ZPE corrections
were not applied for the large model used in the scan.
Frequency calculations are expensive, and the neglect of this
term is further justified because in the calculations on the
mononuclear models (for example in Figure 7) the ZPE
corrections were found to be small (8 and 14 kJ mol~! for
Int 1 and Int 2) and to stabilize the intermediates compared to
reactants.

Results and Discussion

The overall amine to imine reaction observed experimen-
tally is depicted in Figure 2 and written in a simplified manner
in the following equation:

2[Cu"y(LH,)*" 4+ 8MeCN — [Cu',L]*" + [LHg)*

+2[Cu'(MeCN),]*

The reaction was explored using the mononuclear model
shown in Figure 4. This model retains the coordination
at the metal center of the experimental system. For the

Prod 1

[L'Cu'T* + [H,L'Cu'l?
d10 d10

Dissociation
H* transfer of Cu'
+internal ET

[HsL'1%% [Cu't

Prod 2

[L/Cul]+ + H4L/2+ + [Cl,l[]+.

mononuclear model the experimental amine to imine reac-
tion becomes

2[H,L'Cu"*" +4MeCN — [L'Cu']* + H, L'
+ [Cu' (MeCN),|*

This is shown schematically in Figure 5. The amine to
imine oxidation involves the loss of two electrons and two
protons from the ligand. Two protons and one electron are
transferred between the complexes, while the second electron
transfer is internal where the ligand reduces the metal center
to which it is bound. It is not clear from the experimental
results whether the transfer of the protons and electron
occurs in three discrete steps, or in concerted processes where
one proton and electron are transferred together as a hydro-
gen atom or as proton coupled electron transfer, nor at which
point the internal electron transfer occurs.

If we consider only the transfers between the complexes
there are several possible two and three step pathways. The
internal electron transfer step can then be determined by
inspection of the electronic structure of the intermediates.
Electron transfer in the first step, between reactants to give
[H,L'Cu]" and [H,L'Cu]**, or the corresponding electron
transfer in the final step of the reaction, was calculated to be
highly unfavorable, giving intermediates 392 and 205 kJ
mol~ ' above the reactants, respectively, and so can be
excluded. This leaves three remaining reaction pathways:

(1) (a) HY transfer, then (b) H transfer

(2) (a) H transfer, then (b) H" transfer

(3) (a)H" transfer, (b) e” transfer between the com-

plexes, and finally (c) H" transfer
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Figure 7. Optimized structures for species along the reaction pathway with schematic representation of the change in bonding between the copper centers
and N donors N and N,. In these schemes Ny represents coordination to the rest of the ligand. Key hydrogen atoms are included in the optimized structures.

The numbering scheme for the reactant has been used for all complexes..

For all three pathways the final step is dissociation of the
protonated ligand to form the products.

These pathways can be inter-related as shown in Figure 6
since proton and then electron transfer, and hydrogen atom
transfer give the same intermediates or products. Conse-
quently there are only two sets of intermediates, labeled
Intermediate set 1 (Int 1) and Intermediate set 2 (Int 2).
Intermediate set | is made up of two d” copper complexes with
charges of 41 and +3, and Intermediate set 2 is composed of a
formally Cu' and a formally Cu' complex both with charges
of +2. In this scheme, the internal electron transfer between
the ligand and the copper center is proposed to occur during
the formation of Products 1, but as mentioned above this
must be confirmed by inspection of the electronic structure of
the intermediates. Finally, the formation of the products has
been artificially separated into Products 1 and Products 2, to
observe the effect of protonation of the ligand and then its
dissociation from the metal center.

The geometries and energies of the reactants, intermedi-
ates, and products were calculated for the model system, and
optimized geometries are shown in Figure 7. The bonding
situation with respect to the two amine donors is also
represented schematically. Selected geometrical data are

included in Table 1, and the calculated energies of the species
along the reaction pathway are presented in Table 2.

Calculated Geometries. In the reactant, imine product
and intermediates [HL'Cu"]*, and [HL'Cu]**, the ligand
bindsin a tetradentate manner, with the amine donor, Ny,
in an apical position, and the Cu and remaining N donors
form a rough plane. The shorter chelate arm of the
pyridine ligand donor causes a tilting of the Cu—Nj axis
relative to the Cu—N plane. In all except the products, the
coordination sphere of the copper center is completed by
counter-ions. The products have Cu' d'° metal centers
and so after ligand binding there are no free coordination
sites. The geometries of the reactant and products have
been discussed in previous work and will not be discussed
in detail here.'®

Proton transfer between two reactant molecules gives
Intermediate set 1. One of the molecules is deprotonated
at N, to give [HL'Cu"']" which has a formally d° copper
center and a doublet ground state. The deprotonation is
accompanied with a decrease in the C;—N; bond length,
attributable to the greater ionic character of the bond.
The counter-ion moves from an axial position to a posi-
tion approximately trans to the Ny ligand donor, resulting



5982 Inorganic Chemistry, Vol. 49, No. 13, 2010

Table 1. Selected Bond Lengths (A) for Reactants, Intermediates, and Products”

Christian et al.

Ci—N, Cu—N,; Cu—N, Cu—Njy Cu—Ny Cu—0; Cu—0, Cu—0;

Reactant

[H,L'Cul'**  1.483 2.066 2.046 2.102 2.327 2,112 4.177
Int 1

[HL'Cu'l]"  1.455 1.898 2.177 2.101 2.526 2.264

[HsL'Cul'P+  1.488 4.852 2.023 2.033 2.191 2,040  2.170  4.383
Int 2

[HL'Cu'PP*t  1.442 2.029 2225 2.041 2.586 2,025 2218

[H;L'Cu'"  1.492 5.274 2.001 1.959 2.548 2171  3.857
Products 1

[L'Cull* 1.281 (1.277/1.288)  1.996 (1.984/1.975) 2.093 (2.058/2.046) 2.066 (2.058/2.051) 2.247 (2.211/2.204)

[HyL'Cu'P+  1.487 4205 5.493 1.969 2.476 2033 2067  4.708

“The numbering scheme is that of Figure 7. Available experimental values are included in parentheses.

Table 2. Calculated Energies of Reactants, Intermediate Sets 1 (Int 1) and 2 (Int 2),
and Products 1 and 2 As Defined in Figure 6“

AE (kJ/mol)
counter-ions

species no counter-ions included
Rx 2 [H,L'Cu'"P* 0.0 (0.0) 0.0 (0.0)
Int 1 [HL'Cu'l]* + [HsL'Cu''P+  76.8 (74.7) 18.6 (25.3)
Int2  [HL'Cul*" + [HsL'Cu'P* 61.8 (57.1) 121.1 (134.6)
Prod 1 [L'Cu'l" + [H,L'Cu'P** 14.2 (8.4) —81.6 (—44.8)
Prod2 [L'Cu'l" + [H L'T*" —167.7(—66.8)  —76.7 (—16.0)

+ [Cu'(NCMe),J**

“Free energies are included in parentheses.

in an increase of the Cu—Ny4 bond length compared to the
reactant. Comparison of Mulliken spin density analysis
suggests that the copper center is closer to Cu'' than Cu'.
This means that the internal electron transfer step has not
yet occurred.

A second complex is protonated at N; to form [H;L'-
Cu'""P*. Upon protonation the N donor dissociates from
the metal center (Cu—N; bond length of 4.852 A), and its
place is taken by a counter-ion. The remaining Cu—N
bonds show an overall shortening compared to the reac-
tant. The third counter-ion is non-bonding. As for the
reactant and [HL'Cu'']", the complex has a d° Cu center
with a doublet ground state.

The calculated structure for Intermediate sets 1 and 2
are broadly similar in that the ligand is tetra-coordinate
for complex [HL'Cu]"" and tricoordinate for [HsL'Cu']"".
Although the ligand coordination is similar, the change in
oxidation number and charge results in a change in
coordination number overall. For [HL'Cu]*" a second
counter-ion binds to the metal center, giving the complex
a roughly octahedral coordination geometry overall.
[HL'Cu]*" has a triplet ground state, and Mulliken spin
density analysis shows that the Cu center in this complex
is closer to Cu' than Cu', so the complex is best
described as Cu'' with an oxidized ligand. Molecular
orbital analysis shows that the electron comes from an
orbital centered on Nj. Therefore the bonding between
N; and the Cu center can be described as shown in
Figure 7 with the electron coming from the non-bonding
lone pair on nitrogen. Since the ligand is no longer

negatively charged the Cu—N; bond is not as ionic as
thatin [HL'Cu"]". Asa consequence it is similar in length
to that of the reactant. The second complex in Intermedi-
ate set 2, [H;L'Cu']*", has a singlet ground state and
shows a reduction of coordination number from five to
four, which is consistent with the change from Cu" to Cu'.

In Products 1 both copper complexes have formally Cu'
centers and singlet-ground states. For [H,L'Cu']*", the
second ligand arm dissociates from the metal center upon
protonation to give structure (g). Acetonitrile has a strong
affinity'® for Cu' and when included in the model dis-
places the counter-ion. The ligand then dissociates to form
[Cu(MeCN),]" and the free ligand, [H4L']>". The calcu-
lated N;—C, distance of the imine [Cu'L’]" product is
consistent with the formation of a N—C double bond and
in good agreement with experiment. As discussed previ-
ously,'® counter-binding for this species is weak, and so the
counter-ion has been excluded from the calculation.

Calculated Energies. As emphasized earlier, the three
reaction pathways pass through only two sets of inter-
mediates, Intermediate set 1 and Intermediate set 2. The
relative energies of reactants, Intermediate sets 1 and 2,
and products are presented in Table 2, both with and
without the counter-ions.

The overall amine to imine oxidation reaction is calculated
to be exothermic by 77 kJ mol™! (with the counter-ion).
Proton transfer between reactants to form Intermediate set 1
was calculated to be endothermic by only 18.6 kJ mol™'. In
comparison Intermediate set 2 lies 121.1 kJ mol ™! above the
reactants in energy, significantly disfavoring reaction path-
ways 2 and 3. The destabilization of Intermediate set 2
compared to Intermediate set 1 can be at least partially
attributed to the high energy intermediate [HL'Cu"]*", in
which the ligand has been oxidized.

The large difference in energy between Intermediate
sets 1 and 2 suggest that the two step Pathway 1 is
preferred where the electron and second proton are
transferred together as a hydrogen atom, rather than
individual steps as has been described for other systems.
Furthermore, the electronic structure analysis of Inter-
mediates 1 suggests that at this point in the reaction the
internal electron transfer has not yet occurred. Instead it
must take place in the final step, with hydrogen transfer,
as represented in Figure 6.



Article

Table 3. Calculated Energies of Proton Transfer for Model 1 Including Counter-
ions, Where MH* = [H,L'Cu''"*

AE (kJ/mol)
shuttle (S) (a)MH" +S—M +SH™
triflate 154.8
ether 140.0
water 177.5

It is also important to mention the importance of the
counter-ion in the reaction profile. Table 2 presents the
relative energies of the species along the reaction pathway
both with and without counter-ions. In all but the final
product it plays an active role, binding directly to the
metal centers. In comparison, the solvent binds more
weakly except to the final products, where acetonitrile
has a strong affinity for the Cu' centers. Since counter-ion
binding is found to be favorable except for the products, it
leads to a decrease in the exothermicity of the reaction
from —167.7 to —76.7 kJ mol~'. The counter-ion also
significantly stabilizes Intermediate set 1 relative to Inter-
mediate set 2 which can be attributed to the balancing of
the +3 and +1 charges of the complexes in the former.
Therefore it is imperative to include the counter-ions to
correctly describe this system.

Mechanism in More Detail: Proton Shuttling. Pathway
1 was explored in more detail to estimate energetic
barriers to the reaction. For the transfer steps there are
two probable mechanisms: (1) shuttling via a third species
in the reaction mixture, or (2) transfer directly between
complexes. Both are explored below.

There are several species in the reaction mixture which
may be capable of acting as a shuttle. These include ether,
the counter-ion (triflate) and possible traces of water. The
energy of proton transfer to the shuttle was calculated for
the first step of pathway 1 for shuttles S = ether, triflate,
and water and are presented in Table 3 where transfer 1
occurs between Reactants (Rx) to form Intermediate set 1
(Int 1) and transfer 2 between the Intermediate set 2 (Int 2)
to form the products (Prod 1).

As shown, proton transfer from the reactant to the
shuttle, S, (transfer 11) is calculated to be endothermic by
at least 140 kJ mol™ " for the three shuttles studied. The
energy associated with hydrogen and electron shuttling
was also calculated, but both hydrogen and electron
transfers were calculated to give high energy or unstable
intermediates. For hydrogen shuttling, O—H or C—S
bond cleavage occurred in all cases.

Mechanism in More Detail: Proton and Electron Trans-
fer Directly between Complexes. Since proton transfer via
a shuttling mechanism was calculated to be energetically
costly, we next explored transfer directly between the
complexes. For this system, calculating the transition
state is not realistic because of its size and the number
of possible conformations. Instead, to estimate the bar-
rier to proton or hydrogen transfer between complexes,
we carried out scans varying the relevant N—H or C—H
distance as shown in Figure 8. In principle these calcula-
tions do not distinguish between proton or hydrogen
atom transfer as the electronic state of the individual
complexes is not defined, but the difference in energy
between Intermediate sets 1 and 2 make it possible to
identify which process is occurring. As it is prohibitively
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2) Between intermediates, [HL'Cu"]* and [H,L'Cu']3*

Figure 8. Scans were carried out varying the N—H distances shown
above. Counter-ions are not shown for purposes of clarity.

Table 4. Estimated Barriers for Transfer Steps”

transfer r(N—H)at  E(max)/
transfer step type E(max)/A  kJmol ™!
2 [H,L'Cu P+ — [HL' Cu'* HY 1.2 89.1
+ [H3L’Cu“]3+
[HL'Cu"]" + [HsL/'Cu'"P** H 1.7 134.5

. [L/Cul]+ i [H4L’Cul]3+

“Note: These values are not corrected for zero-point energy because
of the size of the system.

time-consuming to explore all possibilities for systems of
this size, several reasonable conformations were chosen
for each point along the scan. The calculated values then
represent the upper bound in energy for the transfer steps
rather than precise barriers or transition states (Table 4).
Various options for treatment of the charges were ex-
plored to try and reduce computational effort, including
MM charges or the ONIOM methodology; however, the
results were found to differ significantly from those
calculated with DFT, particularly in the case of MM
charges.

The first transfer step occurs between the reactants to
form Intermediate set 1. The barrier to transfer was
estimated via a scan of the N—H bond distance shown
in part (1) of Figure 8. ONIOM calculations with the
carbon atoms of the chelate rings in the MM region were
used to preoptimize structures, and then the geometries
were reoptimized with DFT for the highest energy points.
Both ONIOM and DFT results are presented in Figure 9.
Single point calculations with BS II and solvent correc-
tions were then carried out for the highest point and those
immediately adjacent to it.

Along the DFT curve, the barrier to transfer is calcu-
lated to be 38 kJ mol~' at a N—H distance of 1.2 A. This
increases to 89.1 kJ mol™' for BS II including solvent
corrections. Since this is lower in energy than Intermedi-
ate set 2 (121 kJ mol ™), this process is clearly proton and
not hydrogen transfer. The change in energy with basis set
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Figure 9. Scan results for the first and second transfer steps.

and solvent corrections is large compared to that calcu-
lated for Intermediate set 1 (12 kJ mol~"). However, even
if the barrier is overestimated these results demonstrate
that proton transfer directly between the complexes is
favorable.

During the transfer, even at the relatively long N—H
distance of 1.6 A, the N donor N in Figure 8 dissociates
from the copper center. This is probably not surprlslng
as the Cu-amine bond is known to be labile in solution'”
and the N, donor is not coordinated in [H;L'Cu"]** or
[HsL'Cu']*". Importantly, the dissociation of the ligand
arm allows the copper centers to move further apart,
reducing the Coulombic repulsion.

The hydrogen transfer from Intermediate set 1 to form
Products 1, transfer 2, was explored through a scan of the
N—H distance shown in part (2) of Figure 8. This reaction
is more challenging as it involves hydrogen transfer and
aninternal electron transfer in [HL'Cu'']" from the ligand
to the Cu center. The DFT optimized scan results are
presented in Figure 9. More points along the scan were
calculated compared to the first transfer step because of
the complexity of the reaction.

During this second transfer, as the HL'Cu' and
H;L'Cu' complexes approach, the two d” copper centers
couple to give an antiferromagnetic singlet overall, with
the ferromagnetically coupled triplet lying higher in en-
ergy. This magnetic supramolecular coupling through
hydrogen bonding is a phenomenon that has also been
observed experimentally in related systemso.34’3 >

At shorter N—H distances, about 1.5 A, this “open-
shell” singlet collapses into the closed shell singlet which
characterizes the product. As in the first scan, the N donor
receiving the proton, N, dissociates from the metal center,
this time at an N—H distance of 2.0 A, giving the slight
hump in the graph around this point. ngand dissociation
is more endothermic for [H;L'Cu"]*" than for the reac-
tant, and this increases the height of the barrier.

The estimated barrier for transfer with BS II and
solvent corrections is 135 kJ mol ™! relative to reactants,
which is slightly higher in energy than Intermediate set 2,
but as this is an upper bound for the energy based on a

(34) Bertrand, J. A.; Black, T. D.; Eller, P. G.; Helm, F. T.; Mahmood, R.

Inorg. Chem. 1976, 15, 2965-2970.
(35) Ray, M. S.; Ghosh, A.; Chaudhuri, S.; Drew, M. G. B.; Ribas, J. Eur.

J. Inorg. Chem. 2004, 3110-3117.

E(kJ/mol)
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limited number of conformations we expect the real value
to be lower. Zero-point energy corrections should further
reduce the barrier since they stabilize the intermediates
relative to reactants by between 8 and 14 kJ mol ™' (see
note in Experimental Section). Since the formation of
Intermediate set 2 is likely to have a sizable barrier,
Pathways 2 and 3 are unlikely to be competitive.

In summary, on the basis of these results we predict a
two step mechanism, Pathway 1, where the first step is
proton transfer directly between the reactants over a
maximum barrier of 89 kJ mol™' to give Intermediate
set 1, which lies 18.6 kJ mol™' above the reactants in
energy. The next step is hydrogen transfer, again directly
between the complexes, over a barrier of approximately
135kJ mol ™!, reducing the Cu'" of the second complex to
Cu'. Also during this step, the Cu'’ center of [HL'Cu'"]"
reduced by the ligand to Cu' via an internal electron
transfer process. Overall the ligand loses two protons and
two electrons. The final step is displacement of the ligands
and counter-ions from the copper center by the sol-
vent to give the final products, [L'Cu']" +[H,L'J* " +[Cu'-
(NCMe),]**. The pathway proposed here is thus a proton
transfer followed by hydrogen transfer (one electron and
one proton). It may be related to the hydride transfer pro-
cesses that have experimental precedent both in chemical®®
and in biological systems.>’

Conclusions

The amine to imine oxidation reaction reported recently
has been studied using a mononuclear model. Pathways
involving individual and concerted proton and electron
transfer steps were explored.

We predict a two step mechanism with proton transfer as
the first step and then a second step where an electron and
second proton are transferred together. At the same time the
ligand is oxidized a second time, reducing the copper center to
which it is bound. The overall barrier to the reaction was
calculated to be at most 135 kJ mol ', although we expect the
real barrier to be somewhat lower in energy. The final step
in the reaction is displacement of the ligands and counter-
ions from the copper center by the solvent to give the
final products, [L'Cu']" + [H,L']*" + [Cu'(NCMe),]*". Other

(36) Fukuzumi, S.; Fujioka, N.; Kotani, H.; Ohkubo, K.; Lee, Y.-M.;
Nam, W. J. Am. Chem. Soc. 2009, 131, 17127-17134.
(37) Nagel, Z. D.; Klinman, J. P. Chem. Rev. 2006, 106, 3095-3118.
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pathways were excluded based on the high energy of inter-
mediates.

This reaction differs from the usually accepted three or
four step pathways for transition metal catalyzed amine to
imine oxidation in which the protons and electrons are
transferred in individual steps. Furthermore, the second step
of the reaction is predicted to be complex, with two electrons
and a proton transferred simultaneously.

The reason why this reaction occurs only for this particular
complex is likely related to the combination of steric and
electronic effects provided by the ligand to the copper
coordination sphere, and could only be fully ascertained by
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joint experimental and theoretical studies on similar com-
plexes that did not present this reactivity.
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