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Oxidative dehydrogenation of an amine group of a macrocyclic ligand
in the coordination sphere of a Cu' complext
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Feliu Maseras*%“
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First published as an Advance Article on the web 22nd June 2009
DOI: 10.1039/b902947h

The spontaneous oxidation of an amine group to an imine has been observed experimentally in an
octa-aza macrocyclic dinucleating ligand LH, coordinated to Cu". The reaction is bimolecular and
spontaneous in which amine groups of one macrocycle are oxidised and the Cu" centres of a second
macrocyclic complex are reduced. No additional oxidating or external base agents are required. DFT
calculations are carried out to compare the reaction with that recently reported for a ligand coordinated

to an Fe'

centre, but which requires an external base as proton acceptor. The computational results

show that the copper and iron catalysed amine to imine reactions proceed via different mechanisms.

Introduction

Amine oxidative dehydrogenation is widespread in biochemistry.
Amine oxidases are found in bacteria, yeast, plants and mammals,
and are involved in important biological processes, including
lysyl oxidation in crosslinking of collagen and the regulation of
neurotransmitters such as dopamine and serotonin.”* The family
of amine oxidases includes flavoproteins and quinoproteins, a
subset of which are the copper containing amine oxidases.**
However many of the mechanistic details are still unknown.
Amine oxidation in synthetic macrocycles bound to transition
metals was first discovered by Curtis for four coordinate Ni"
complexes where nitric acid acts as the oxidising agent.® Since
then amine oxidation has been observed for many transition
metals, the most common including Ru, Fe, Ni, Cu, and Os.”®
The reactivity is observed for a range of ligands from bi- and
mono-dentate ligands, up to the six-coordinate cage ligand in the
[Ru(sar)]** complex, where sar = sarcophagine, 3,6,10,13,16,19-
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hexaazabicyclo[6.6.6]eicosane. For this complex all six amine
donors are oxidised to imines.” The reactivity of complexes
towards amine oxidation is sensitive to the nature of the ligand
and to the identity of the metal. For example for the macrocyclic
systems initially studied by Curtis, Fe was shown to be able to
undergo the same reaction with a milder oxidising agent,”'*'" while
Cu" and Ni" required more strongly oxidising conditions.” In
contrast, Co™ was found to be inactive. More recently, Ru and Os
have been shown to be especially effective at oxidating coordinated
amines and alcohols, which has been attributed to their ability to
access oxidation states two higher than the final state.”'*!

Amine to imine oxidation has been recently studied for a macro-
cyclic [Fe™H,L*]** complex, H,L? = 1,9-bis(2"pyridyl)-5-[(ethoxy-
2”-pyridyl)methyl]-2,5,8-triazanonane."*'* In this reaction, one of
the ligand amine donors is oxidised and the metal is reduced,
leading to the formation of a stable Fe" complex which has been
isolated and characterized by X-ray crystallography.® The general
themes of this mechanism are common to several amine to imine
oxidations, including those proposed for the [Ru(bpy),(ampy)]*
complex,”'® and a series of [Fe"(CN),(1,2-diamine)]* complexes.?
The [Fe"H,L*]** reaction is novel in that it occurs spontaneously in
the absence of an external oxidant, however the general mechanism
is representative of the behaviour of many systems of this type, in
that it involves elementary proton and electron transfer steps.

In this study, we present a copper catalysed amine to imine
reaction in a macrocyclic complex, [Cu",(H,L)]*, where L is the
octaazamacrocyclic dinucleating ligand shown in Scheme 1. This
complex is part of a family of binuclear copper complexes, which
show interesting reactivity towards molecular O,."** This amine

{&NH: ‘N/j

N H

C ~
N "
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.

[Cul,L2*

+2 [Cu(NCMe)]*

Scheme 1 The copper catalysed amine to imine reaction (reaction 2).
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oxidation reaction, like the iron system mentioned above, does not
require an external oxidant, and represents a further advance in
that it does not require addition of base. Given the similarities in
the chemistry between the systems, the amine to imine mechanism
proposed for [Fe"H,L*]** is studied computationally for both the
[Fe"H,L** and [Cu",(H,L)]** systems.

Experimental
Physical methods

The ESI-MS experiments were performed on a Navigator LC/MS
chromatograph from Thermo Quest Finigan, using acetonitrile as
the mobile phase.

Materials and synthesis

Reagents and solvents used were of commercially available reagent
quality unless otherwise stated. Solvents were purchased from
SDS. The ligand LH, was obtained according to literature
procedures.”

Synthesis of [Cu,(L)](CF;S0;), and (LH;)(CF;S0O;),

To a suspension of LH, (0.036 g, 0.055 mmol) in 1 mL of MeCN
under magnetic stirring was added 2 mL of another MeCN
solution containing 0.040 g (0.110 mmol) of Cu(CF;S0O;),. The
solution was stirred for one hour at room temperature and then
allowed to diffuse under a saturated solution of diethyl ether
for a week also at room temperature. After this time, white
and orange crystals appeared that correspond to the compounds
(LHg)(CF;S0;3), and [Cu,(L)](CF;S0Os),, respectively.

X-Ray structure determination

[LH](CF;S0s),. A white crystal was mounted on a nylon loop
and used for low temperature (100(2) K) X-ray structure determi-
nation. The measurement was carried out ona BRUKER SMART
APEX CCD diffractometer using graphite-monochromated Mo
Ko radiation (A = 0.71073 A). The measurements were made
in the range 2.20-28.36° for 6. Full-sphere data collection was
carried out with @ and ¢ scans. A total of 23 583 reflections were
collected of which 7433 [R;,, = 0.0503] were unique. Programs used:
data collection, Smart version 5.631 (Bruker AXS 1997-02); data
reduction, Saint+ version 6.36A (Bruker AXS 2001); absorption
correction, SADABS version 2.10 (Bruker AXS 2001).2* Structure
solution and refinement was done using SHELXTL Version 6.14
(Bruker AXS 2000-2003).** The structure was solved by direct
methods and refined by full-matrix least-squares methods on F>.
Large voids containing residual electron density peaks are found
in the structure. No solvent molecules could be identified to match
the spurious density, so the peaks were removed from the observed
data with The SQUEEZE tool from PLATON.*

The non-hydrogen atoms were refined anisotropically. The H-
atoms were placed in geometrically optimized positions and forced
to ride on the atom to which they are attached, except the amino
hydrogens that were placed in the difference Fourier map. The
NI1-H1 distance was constrained to 0.87(1) A, and the rest of the
amino hydrogens were refined without constrains. The asymmetric
unit contains half macrocycle and two CF;SO;™ counterions.

[Cu,(L)I(CF;S0;),0.5Et,0-MeCN-0.4H,0. An orange crys-
tal was mounted on a nylon loop and used for low temperature
(100(2) K) X-ray structure determination. The measurement was
carried out on a BRUKER SMART APEX CCD diffractometer
using graphite-monochromated Mo Ko radiation (A=10.71073 A).
The measurements were made in the range 2.08-28.31° for 6. Full-
sphere data collection was carried out with @ and ¢ scans. A total
of 78 188 reflections were collected of which 12 726 [R;,, = 0.0299]
were unique. Programs used: data collection, Smart version 5.631
(Bruker AXS 1997-02); data reduction, Saint+ version 6.36A
(Bruker AXS 2001); absorption correction, SADABS version 2.10
(Bruker AXS 2001).%* Structure solution and refinement was done
using SHELXTL version 6.14 (Bruker AXS 2000-2003).>* The
structure was solved by direct methods and refined by full-matrix
least-squares methods on F~.

A considerable amount of electron density attributable to a
partially disordered di-ethyl ether solvent molecule and a H,O
solvent molecule was removed with the SQUEEZE option of
PLATON.?” Those solvent molecules are, however, included in
the reported chemical formula and derived values (e.g. formula
weight, F_000, ezc.).

The non-hydrogen atoms were refined anisotropically. All the
H-atoms were placed in geometrically optimized positions and
forced to ride on the atom to which they are attached except
the imine hydrogens which were found in the difference map and
refined without constrains.

Computational details

Density functional theory calculations were performed us-
ing the Gaussian 03 suite of programs,? with the B3LYP*
functional.* This functional 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.* The structures were optimized using
the SDD basis set™ for Cu, Fe, S and Cl while the 6-31G(d)*%
basis set was used for all remaining atoms. Solvent effects for
the model system were calculated using single-point PCM?3*
calculations on gas phase geometries with acetonitrile as the
solvent for the copper system and ethanol for the iron system.
In both cases UFF radii were used for the construction of the
cavity. The solvation model explicitly includes solute hydrogen
atoms in the cavity construction. Minima were confirmed through
frequency calculations and reported energies include zero-point
energy corrections.

For the [Cu",(H,L)]** system, calculations were carried out on a
mononuclear model system with one Cu centre, as shown in Fig. 1.
This model retains the ligand coordination of the real system. For
[Fe™L*]**, the system was modelled as shown in Fig. 1, which
differs from the experimental system only in the absence of the
ethoxy side arm and the replacement of the BPh,~ counterions
by chloride. Where explicit solvent molecules were included in the
calculations, the experimental acetonitrile was used for the copper
system, while ethanol was replaced by methanol in the iron system.
The coordination energies of ethanol and methanol to Fe" differ
by less than 1 kJ mol™".

The importance of the counterion and solvent molecules was
tested for each complex studied, and were included where they

6014 | Dalton Trans., 2009, 6013-6020
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Fig. 1 Computational models of (A) [Cu',(L)]** and (B) [Fe'L}*
complexes.

were found to be coordinating or to have a significant effect on the
relative energy of the complexes.

Results and discussion
Synthesis, structure and characterization

The octaazamacrocyclic dinucleating ligand LH, reacts rapidly
in acetonitrile with Cu" salts to form a deep blue complex as
indicated in the following reaction,

LH, + 2Cu" — [Cu",(LH,)]* (1)

This blue Cu" complex slowly suffers an internal redox reaction
(see Scheme 1) that leads to the partial oxidation of the amine
groups of the LH, ligand and reduction of the metal center.

This generates an orange Cu' complex, [Cu',L]**, while the
original ligand becomes tetraprotonated, LHg*", and the remain-
ing Cu' is coordinated by 4 solvent molecules, [Cu'(NCMe),]*.
It is important to outline here that this reaction proceeds both
in the absence of an external oxidant and an external base. The
latter function is carried out by the original ligand where the four
secondary amines become protonated.

Sufficiently good crystals of [Cu',L]** and LH*" were obtained
for a monocrystal X-ray analysis and their main crystallographic
data are reported in Tables 1 and 2. Furthermore, an ORTEP view
of their cationic parts are displayed in Fig. 2. In both cases, bond
distances and angles are within the normal values obtained for
these type of compounds.'7"%*223537 For the [Cu',L]** complex,
each Cu metal center adopts a distorted tetrahedral geometry
due to the constraints imposed by the coordinating N atoms
of the macrocyclic ligand. The central tertiary amine N has the
largest distance, 2.345 A, whereas the secondary amine N and
the pyridylic N at situated at similar distances, 2.23 and 2.22 A
respectively. Finally, the iminic N has the shortest bond distance
at 1.98 A. It is interesting to realize here the uniqueness of this
complex from a coordination point of view, since the 4 N atoms
that coordinate to the Cu center have a different chemical nature
and as a consequence each Cu atom becomes a chiral center. The
two Cu atoms are situated at 7.677 A apart as a consequence
of the para substitution and thus prevent any direct metal-metal
interaction. The Cu centers are related by a pseudo C, axis of
symmetry that is situated in between and parallel to the two phenyl
rings which are nearly parallel to one another (the angle between
rings is 13.06°). On the other hand the pyridyl rings are rotated by
33.36°. With regard to one another. The nature of the C=N sp?
iminic bond is corroborated by the C-N bond distances that are

Table 1 Crystallographic data for the tetraprotonated ligand (LHy)-
(CF;S0;), and for the mixed imine-amine complex [Cu,(L)](CF;SO;),

[Cu(D)](CF;805),
Complex 0.5Et,0-MeCN-0.39H,0 (LHg)(CF;S05;),
Empirical formula C4Hg, Cu, FgN,O; 5S, CuHgF,NgO),S,
Molecular mass/g mol™ 1166.25 1249.24
T/K 100(2) 100(2)
Crystal system, space group Monoclinic, P2,/¢ Triclinic, P1
a/A 12.413(6) 8.943(6)
b/A 19.459(9) 11.522(7)
c/A 21.578(10) 15.737(10)
o/ 90 86.055(11)
B/° 97.086(8) 86.660(11)
y/° 90 73.590(11)
V/A3 5172(4) 1550.6(17)
Z 4 1
p/gcem™ 1.498 1.338
R[I > 20()) 0.0333 0.0612
wR [l > 20(1)] 0.0903 0.1646

“R=Y[F, - FJ/YFy WR = [Y(W(F.2 — F2/ Y (WE]™.

Table 2 Metric parameters (in A and °) for the cationic part of complex
[Cuy(D)I(CF;805),

Distances/A

Cul-N1 1.975 Cu2-N5 1.984
Cul-N2 2.203 Cu2-N6 2.212
Cul-N3 2.050 Cu2-N7 2.058
Cul-N4 2.046 Cu2-N8 2.058
Cul-Cu2 7.677

Bond angles/°

N1-Cul-N2 101.71 N5-Cu2-N6 101.76
N2-Cul-N4 100.47 N6-Cu2-N8 99.13
N2-Cul-N3 81.15 N6-Cu2-N7 81.45
N3-Cul-N1 129.49 N7-Cu2-N5 127.49
N3-Cul-N4 111.49 N7-Cu2-N8 109.67
N1-Cul-N4 117.27 N5-Cu2-N8 121.12

0.3 A shorter than that of a typical sp> C—N aminic bond of the
starting ligand.

Comparison with the iron system

There are intriguing similarities between the amine to imine
reaction carried out by the Cu complex presented here and
the iron system, [Fe"H,L*]**, where H,L? = 1,9-bis(2"pyridyl)-5-
[(ethoxy-2"-pyridyl)methyl]-2,5,8-triazanonane, studied by Sosa-
Torres and co-workers.'*** The reaction for the copper system,
presented above is:

2[Cu",(LH,)]* + 8MeCN — [Cul,L]** + [LH,]*
+ 2[Cu'(NCMe),]* (2

For the iron catalysed amine to imine reaction in [Fe" H,L*]**
the reaction is':

AFH,L’P* + 2EtO" — [Fe"HLL’J* + [Fe"L*P* + 2EtOH  (3)

In both cases, there is an original reactant complex with the
metal in a high oxidation state and a secondary amine ligand.
This reactant evolves to two different product complexes. In both

This journal is © The Royal Society of Chemistry 2009
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Fig. 2 Top, ORTEP plot (50% probability) for the cationic side of the
tetraprotonated dinucleating macrocyclic ligand LHg. Bottom, ORTEP
plot (50% probability) for the mixed imine-amine dinuclear Cu complex
with labels for key atoms.

of them the metal has reduced the oxidation state by one. One
of the two product complexes contains an imine ligand, resulting
from the formal oxidation by two electrons of the original amine
ligand. No external oxidant is required for either system.

There are two key formal differences between the two systems.
The first of them is the dinuclear character of the copper complexes
with the macrocycle. This can be however easily handled if we
replace the large ligand by the model ligand H,L’ shown in Fig. 1.
By doing this, reaction (2) becomes reaction (2m), m standing for
model:

2[Cu™(H,L')P** + 4MeCN — [Cu'L]* + [H,L*

+ [Cu'(NCMe),]* (2m)

This model retains the ligand coordination at the metal centre
of the real system, and only differs from the experimental system
in the absence of the linkers and second copper centre.

The use of a mononuclear model can be justified as the two
copper centres in the experimental system are not expected to

interact to any significant degree as they are separated by over
7 A with a relatively rigid linker between them. It is difficult to
envisage how these two centres could “talk” to each other, and
it seems more likely that the reaction is bimolecular, with two
different complexes involved. Because of this, the separation of
the dimer in two model monomers seems justified.

The second difference, which seems to carry more chemical
relevance, is the nature of the proton acceptor or base. In the case
of iron, the reaction is pH dependent and shows base catalysis. In
contrast, in the copper system the ligand of a second macrocycle
accepts the protons and no additional base is required to drive the
reaction. This is highlighted in Scheme 2, which summarises the
important aspects of the overall reactions. The mechanisms have
been labelled as external and internal proton acceptor pathways.

External proton acceptor pathway
2 EtO" + [M(H,L)| ™D

2 EOH + [M(H,L)]™

[M(HZL)]{” 1)

(ML
[MS,,] ™

- 54[.13- T
r

[M(H,L)]"™ 1 + m§

Internal proton acceptor pathway

Scheme 2 External and internal proton acceptor pathways for amine to
imine oxidation for the Cu and Fe systems. For M = Fe n = 2, m = 6 and
S=MeOH. ForM =Cun=1,m=4and S = NCMe.

Kinetic studies of the iron reaction, and the observation of
a second Fe" complex present in the reaction have lead to the
proposal in Scheme 3," for the mechanism of the external proton
acceptor (EPA) pathway. The mechanism has three steps: (a) first
deprotonation, (b) electron transfer between the two complexes,
(c) second deprotonation. The internal proton acceptor pathway
(IPA) is first reported here, and thus no previous mechanistic
proposal is available. In this study, DFT calculations are used to
determine whether the reaction is able to proceed via a mechanism
similar to the EPA reaction. To this end, both IPA and EPA
mechanisms are explored computationally for both the iron and
copper systems. Optimised geometries for the iron and copper
complexes are shown in Fig. 3, and selected bond lengths are
tabulated in Table 3. Calculated reaction energies are included in
Table 4.

] -"(_”\7
+L1() |- [Fn. H, L7 ML _Fe‘,_N +EtO
- EtOH - [FellH, L7 - EtOH
HAE "\ M "\
Vi Vi V4 V4
|FL‘”'H1|42.]3+ IFQIIHLZ'IH IFEIIIHLZ‘I]+ lFeIILZ'].H

Scheme 3 Proposed reaction mechanism for [Fe'"H,L*]**.
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Table 3 Selected calculated bond lengths (A) with corresponding experimental values in parentheses where available

Reactant Product 1 Product 2
Bond [Cu"(H,L")][CF;SO;], [Cu'(L))] [Cu'(H,L")][CF;S0;]
N,-C, 1.483 1.281 (1.277/1.288) 1.487
Cu-N, 2.066 1.996 (1.984/1.975) 4.205
Cu-N, 2.327 2.247(2.211/2.204) 2.476
Cu-N; 2.102 2.066 (2.058/2.051) 1.969
Cu-N, 2.046 2.093 (2.058/2.046) 5.493
Cu-O, 2.119 — 2.033
Cu-0, 4.177 — 2.067
Cu-0; — — 4.708
Bond Reactant [Fe""H,L*]Cl, Product 1 [Fe"L*]CL“ Product 2 [Fe"H,L*]Cl,
Fe-N, 2.002 2.006 (1.946) 2.009
Fe-N, 1.937 1.918 (1.853) 1.995
Fe-N;, 2.038 2.052 (2.007) 2.046
Fe-N, 1.988 2.005 (1.942) 2.021
Fe-Nj; 2.020 2.063 (2.007) 2.069
Fe-N, 2.066 2.038 (1.977) 2.031
N,-C, 1.484 1.294 (1.269) 1.481
Fe-Cl, 4.211 4.240 4.288
Fe-Cl, 4.395 4.435 4.497
Fe-Cl; 4.451 — —

« Experimental values from Sosa-Torres and co-workers.*

) f

Fig. 3 Optimised structures for the Cu and Fe systems. (a) [Cu"(H,L")]
[CF;S0;], (b) [Cu'(LY)], (¢) [Cu'(H,L)CF;S0;), (d) [Fe"H,L*]Cl,
(e) [Fe"L*]Cl, and (f) [Fe"H,L*]Cl,. Hydrogen atoms which participate
in the reaction are shown. These include all hydrogens bound to nitrogen
atoms and those bound to C,, atoms.

Computed geometries

Three complexes are reported for each system, the reactant,
containing the oxidated metal and the reduced ligand; and the
two products, one with the reduced metal and the oxidated ligand
(labelled as product 1), and the other with the reduced metal and
the reduced ligand (product 2).

For the copper system the reactant, [Cu"(H,L")][CF;SO;],,
is calculated to have an approximately square-pyramidal five-
coordinate geometry with the amine donor, Nj, at the apex,
and one of the triflate counter-ions completing the coordination
sphere. The second counter-ion is non-coordinating (Cu-O =
4.177 A). Coordination of a triflate counter-ion to the copper cen-
tre in Cu' complexes of this family has been observed previously.!’

The [Cu'L’] product is calculated to have trigonal pyramidal
geometry with bond lengths in good agreement with the exper-
imental structure. When included, the counter-ion has a very
small effect on the energy (binding energy of only 8 kJ mol™)
but distorts unrealistically the Cu coordination sphere by exerting
a trans influence on one of the Cu—N bonds.

For the second product complex, [Cu'(H,L")][CF;SO;],, the
calculated structure shows that upon protonation the N, and N,
ligand donors dissociate from the metal centre. In the absence
of solvent molecules in the model their place is taken by two
counter-ions to give structure (c) in Fig. 3. However, acetonitrile
binds more strongly to the metal centre and, when included,
displaces the counter-ions. This is accompanied by a lengthening
and then breaking of the Cu-N, bond, and eventual dissociation
of the ligand from the metal centre to form [H,L][CF;SO;], and
[Cu'(NCMe),][CF;SO;].

For the iron system, all complexes are calculated to have
approximately octahedral coordination around the metal centres,
with N-Fe-N bond angles ranging between 81 and 99° for the

This journal is © The Royal Society of Chemistry 2009
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Table 4 Calculated potential energies of reaction for the [Fe"'H,L*** and [Cu"(H,L")]** systems. In all reactions counter-ions are included to counter

the charges of the metal complexes and free ligands

AE/kJ mol™

M = Fe M =Cu
External proton acceptor (EPA) pathway”
2[M(H,L)]"*"* + 2EtO” — [ML]* + [M(H,L)I"* + 2EtOH —-433.0 -109.2
EPA (a) [M(H,L)]"*V* + [EtO] <> [M(HL)]"** + [EtOH] -149.5 -79.4
EPA (b) [M(HL)"* + [M(H,L)]*** — [M(HL)]**"* + [M(H,L)]"* +79.7 +2438
EPA (c) [M(HL)]"*"* + [EtO"] — [ML]"* + [EtOH] -363.3 -273.6
Internal proton acceptor (IPA) pathway®
2[M(HLL)]""* + mS — [ML]" + [HL,LF* + [MS,]"" -107.1 —7.24

“n=2and 1 for M = Fe and Cu, respectively. > m = 6, S = MeOH for Fe. For Cum =4, S = NCMe.

[Fe"L*]Cl, product. This broad range is also observed in the
crystal structure for this species and calculated bond angles are
within 2.5° of the experimental values (see EST).T Again, as in the
case for the copper complex, the metal-N bond lengths show a
lengthening compared to experiment.

Unlike the copper system, the structural differences between the
iron complexes are not large, as there is no change in coordination
number or the geometry at the Fe centre. In this system the
counterion is non-bonding maintaining Fe—Cl distances of greater
than 4.2 A. There is a general lengthening of the Fe-N bonds in
the products, with the exception of the Fe-N, bond in [Fe"L*]Cl,,
which shortens on deprotonation of N, and formation of the
N,—C, double bond.

Computed energies

The overall energies for the external proton acceptor (EPA)
reaction, which is the reaction observed experimentally for iron,
and the internal proton acceptor (IPA) reaction, which is observed
for copper, were calculated for both the copper [Cu"(H,L")]** and
the iron [Fe™H,L?] systems.

The EPA reaction can be further broken down into the
individual steps (first deprotonation, electron transfer, second
deprotonation) shown in Scheme 3 for the iron system:

[M(H,L)]"*"* + [EtO ] <> [M(HL)]"* + [EtOH] (EPA a)
MHD)]* + [M(H,L)]"*"* — [M(HL)]"*"* +

[M(H,L)]" (EPA b)

[M(HL)]"*"* + [EtO"] — [ML]* + [EtOH] (EPA ¢)

The energy for each reaction step was calculated for M = Fe™

and Cu" and the values are included in Table 4.

The overall EPA reaction is calculated to be strongly exothermic
foriron, at—433 kJ mol™'. The calculated energies for reaction steps
EPA (a), EPA (b) and EPA (c) show that this can be attributed
to the deprotonation steps which are exothermic by 149.5 and
363.3 kJ mol™, respectively. In comparison, the electron transfer
step is calculated to be endothermic by 80 kJ mol™. The strong
exothermicity of the deprotonation steps can be shown to be due
to the nature of the base, EtO™, as deprotonation step EPA (a) is

predicted to be endothermic by 186 kJ mol™ when H,O replaces
EtO" as the base.

The EPA reaction for the copper system was found to be
also exothermic, albeit by a smaller amount of 109 kJ mol™.
The lower exothermicity can be easily explained by the redox
potentials for the two metals of 0.771 and 0.153 for Fe™/Fe" and
Cu"/Cu!, respectively,®® and the different charges of the starting
complexes. These charges have a key effect on the acidity of
the compound, which is obviously a key factor in any proton
transfer process. However, the fact that the reaction remains
exothermic indicates that this mechanism could still be operative
for the copper system. An analysis of the reaction steps, also in
Table 4, proves that this is not the case. The electron transfer
step (b) is strongly endothermic for the copper system, with a
value of +244 kJ mol™. Therefore, although thermodynamically
favourable, the EPA reaction is kinetically unfavourable and only
the deprotonated complex, [Cu" (HL")]* is predicted to form in the
presence of base.

The internal proton acceptor (IPA) reaction, that observed
experimentally for copper, was also studied for both the copper and
iron complexes. In comparison to the EPA reaction, it is calculated
to be significantly less favourable with predicted exothermicities
of 7 kJ mol™ and 107 kJ mol™, for copper and iron respectively.
The difference in exothermicity between these reactions is not
unexpected given that protonation of ethoxide provides a large
part of the driving force for the EPA reaction.

The IPA pathway is calculated to be thermodynamically
favourable for both systems. The inability of the more oxidising
iron system to carry out the reaction in the absence of base thus
makes the experimental copper reaction even more intriguing and
it seems clear that despite the formal similarities, the reaction
mechanisms are substantially different. Full characterization of
the mechanism for the copper system requires more detailed
studies that are beyond the scope of this work.

Characterization of the IPA mechanism will hopefully clarify
why it is not operative for the iron system. Even without a com-
plete understanding of the mechanism, one important difference
between the two systems which can be identified, and which
favours the IPA reaction in the copper system, is the dissociation
of the ligand and replacement by solvent molecules. The energy of
dissociation of the ligand, H,L, from the reduced metal centre and
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replacement by solvent (reaction 4 shown below) was calculated
for both copper and iron, where S = MeOH with m = 6 for iron,
and S = NCME and m = 4 for copper.

[M(H,L)]"* + mS — [MS,,]"* + H,L 4

Replacement of the H,L ligand by acetonitrile was calculated
to be strongly exothermic for copper at 144 kJ mol™, which is
consistent with the known affinity of acetonitrile for Cu'.*’ In
comparison, the corresponding reaction for iron was calculated
to be only very weakly exothermic at 9 kJ mol™. This difference
in the coordinating ability of the solvent leads to the stabilisation
of the copper products in the IPA reaction compared to those of
iron. Based on this result, we predict that the reaction would be
blocked for the copper system if it were carried out in a weakly
coordinating solvent.

Conclusions

The copper catalysed oxidation of a coordinated amine to
an amine has been reported for [Cu',(LH,)]**. The reaction
is bimolecular in which the amine groups of one macrocycle
are oxidised to an imine and the Cu" centres and the second
macrocycle are reduced. The reaction proceeds both in the absence
of an external oxidant and an external base. Instead the original
ligand carries out the role of the base where the four secondary
amines become protonated.

The amine to imine reaction was explored computationally
for the copper complex and for a [Fe"H,L?]** complex which
undergoes a similar amine oxidation, also in the absence of
external oxidant. The iron catalysed reaction is calculated to be
exothermic and was found to be driven by the protonation of
the base, ethoxide. The reaction in the presence of base was also
calculated to be exothermic for copper, however the key electron
transfer step is calculated to be strongly endothermic, and hence
the reaction is predicted to be unfavourable on kinetic grounds.

The experimentally observed copper catalysed reaction was also
calculated to be favourable for both systems. The coordination
of the solvent to the Cu' centre after ligand dissociation was
found to be important for stabilising the products. Without this
additional stabilisation the reaction is expected to be significantly
endothermic, and we predict that the reaction would not be
observed for copper in the presence of a less coordinating solvent.
Full characterization of the mechanism for the copper mechanism
is currently the subject of research in our laboratory.
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