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The coordination chemistry of copper complexes with the
ligand L' [L! = {7E}-N!-benzylidene-N2-{(E)-2-(benzyl-
ideneamino)ethyljethane-1,2-diamine] has been investi-
gated. For copper(l) complexes of L!, the counterion deter-
mines the molecular structure in the solid state. The reaction
of [Cu(CH3CN),]PF¢ with L! yielded the mononuclear com-
plex [Cu(LY)(CH3CN)JPFs (1), whereas dinuclear helical
[Cuy(LY),](ClOy), (2) resulted from a similar reaction with
[Cu(CH3CN)4]ClO4. Both compounds have been structurally
characterized, and their solution behaviour investigated.
Structurally characterized [Cu(L!)(PPhg)]Cl1O, (3) has been
synthesized by reacting 2 with PPh;. Exposure of a solution

of 1 towards dioxygen in CH3;OH and CH,Cl, yielded the
dinuclear complexes [Cuy(L!),(OCHs),](PFg), (4) and
[Cuy(LY),(OH),](PFs), (5), respectively. Both compounds have
been fully characterized. During the oxidation reaction, no
hydroxylation of L! occurred. The oxidation reaction of 1 has
been studied by a chemical approach and by UV/Vis spec-
troscopy, indicating the formation of a peroxido-bridged spe-
cies during the reaction. Furthermore, by reduction of the
imine groups in L! the ligand L? [L2 = N'-benzyl-N?-{2-(benz-
ylamino)ethyljethane-1,2-diamine] was obtained and the di-
nuclear copper(Il) complex [Cuy(L?),Cl3]PFs2MeOH (6) has
been structurally characterized.

Introduction

Macrocycles are a special class of ligands that are impor-
tant for many applications, especially due to their ability to
strongly bind metal cations that fit the macrocyclic cavity.
Early work from Nelson and coworkers, and followed up
by Fenton and coworkers, has shown the versatility of using
dialdehydes together with amines to form an interesting
group of macrocyclic ligands.['l Martell and coworkers suc-
cessfully showed the application of one of these systems to
model the reactivity of the copper enzyme tyrosinase. Tyro-
sinases are monooxygenases that are responsible for the hy-
droxylation of the phenol residue in tyrosine — forming a
catechol — and subsequent two-electron oxidation to the
corresponding o-quinones.””) For a better understanding of
tyrosinase reactivity, low molecular weight copper com-
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plexes have been synthesized as model compounds for this
enzyme and their reactivity towards dioxygen has been in-
vestigated (only a selected number of examples are reported
in the references).’] The model compound for tyrosinase
containing a macrocyclic ligand used by Martell and co-
workers was the dinuclear [Cu,(mac)(CH;CN),](ClOy),,
where mac is 3,6,9,17,20,23-hexaazatricyclo[23.3.1.1]tria-
conta-1(29),2,9,11(30),12(13),14,16,23,25,27-decaene  (shown
in Figure 1), which shows hydroxylation of the aromatic
moiety of the ligand upon oxidation.[

— 2+ — 1 2+
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kN/CHsCN \ J —2CH4CN k / \S/ \N

Figure 1. Oxidation and intramolecular ligand hydroxylation of
[Cuz(mac)(CH3CN)2]2+.

No peroxido or bis-p-oxido complex formation was de-
tected during the oxidation reaction using low temperature
stopped-flow techniques.[*4dl Kinetic studies revealed that
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the reaction most likely proceeds through a peroxido com-
plex as an intermediate.*>#dl Furthermore, related com-
plexes of [Cu,(mac)(CH3;CN),](ClO,4), were investigated.
Here, no intramolecular ligand hydroxylation reactions
were observed but bis-p-oxido complexes were spectroscop-
ically characterized.[! Theoretical calculations confirmed
the formation of different peroxido and oxido complexes as
active species for these macrocyclic systems.> ! However,
to date the mechanism of how a dicopper site binds and/or
activates O, is far from being completely understood.°]
In order to investigate whether the dinuclearity of [Cu,-
(mac)(CH3CN),](ClOy), is crucial for the hydroxylation re-
action, copper(I) complexes of the open-chain ligand (7E)-
N'-benzylidene-N>-[(E)-2-(benzylideneamino)ethyl]ethane-
1,2-diamine (L) (which resembles half of mac) were synthe-
sized and characterized and their reactivity towards di-
oxygen was investigated. Additionally, the chemically re-
duced form of L!, the amine N!-benzyl-N>-[2-(benz-
ylamino)ethylJethane-1,2-diamine (L?) was synthesized and

characterized (Scheme 1).
N
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Scheme 1. Reduction of L! to L2.

Results and Discussion

Syntheses and Characterization of L', 1 and 2

The reaction of benzaldehyde with diethylenetriamine in
a 2:1 ratio yielded the Schiff Base ligand L!, which shows
an imine-aminal equilibrium in solution similar to its
macrocyclic analogue.**-4< Mac crystallizes in its monoam-
inal form.[*&4°1 An imine-aminal equilibrium in solution,
and a preference for the aminal form in solid state are
widely known for Schiff base ligands.[**-*%7] The 'H NMR
spectrum in CDCl;y clearly demonstrates that the sample
comprises 61% L! in the aminal form and only 39% as the
bisimine (Figure 2).

fa s Ne
5 o

Figure 2. Imine-aminal equilibrium of L.

N
N

s

In solid state only the aminal form is found, as indicated
by IR spectroscopy and X-ray analysis. The molecular
structure of the animal form of L! is shown in Figure 3.
Within the crystal packing the molecules are stacked along
the crystallographic b axis. Two stacks at a time are con-
nected by intermolecular hydrogen bonds between the sec-
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ondary amine groups N(1)-H(1)--N(1#!) [N(1)-H(1)
0.92(3) A, H(1)~N(1%#1) 2.55(3) A, N(1)--N(1#1) 3.437(2) A
and N(1)-H(1)="N(1#") 164(2)°; —x + 1, y — 0.5, =z + 1]

Figure 3. Thermal ellipsoid plot of the molecular structure of L!
(50% probability ellipsoids).

As expected, the reaction of L' with [Cu(CH;CN),]PF,
yields the mononuclear complex [Cu(L')(CH;CN)]PF, (1).
The molecular structure of [Cu(L')(CH;CN)]* with the
atomic numbering scheme is shown in Figure 4. The cop-
per(I) centre is coordinated in a distorted tetrahedral geom-
etry by two imine donors, an amine donor and an acetoni-
trile molecule with a Cu—(N-) distance of 2.164(2) A, Cu—
(N=) distances of 2.044(2) and 2.086(2) A and a Cu—(N=)
distance of 1.938(2) A. The coordination sphere around the
copper(I) centre is similar to that in [Cu,(mac)(CH3CN),]-
(ClOy),.[4¢4¢l Complex 1 clearly resembles one half of [Cu,-
(mac)(CH3CN),](ClO4),. However, the structure of 1 is less
strained compared to its macrocyclic analogue. The N(2)-
Cu(1)-N(3) angle is more than 15° and the N(1)-Cu(l)-
N(100) angle more than 10° wider than those of [Cu,-
(mac)(CH3CN),](ClO,),. Selected bond lengths [A] and
angles [°] for 1 are given in Table 1.

Figure 4. Molecular structure of the complex cation of 1.

In contrast, and quite unexpectedly, we observed that
when [Cu(CH3;CN)4JCIO; was used instead of [Cu-
(CH;CN)4]PF¢ in the synthesis of the copper(I) complex, a
helical dinuclear species, [Cu,(L'),](ClO,), (2), forms. The
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Table 1. Selected bond lengths [A] and angles [] for 1.

Bond lengths

Cu(1)-N(100) 1.938(2)  Cu(1)-N(1) 2.164(2)
Cu(1)-N(2) 20442)  Cu(1)-N(3) 2.086(2)
Bond angles

N(100)-Cu(1)-N(2) 122.93(6) N(2)-Cu(1)-N(1) 84.72(6)
N(100)-Cu(1)-N@3) 110.65(6) N(3)-Cu(1)-N(1) 83.51(6)
N(©2)-Cu(1)-N(3) 121.17(6)  C(100)-N(100)-Cu(l)  163.16(17)
N(100)-Cu(1)-N(1) 125.08(7)

molecular structure of the cation of 2 with the atomic num-
bering scheme is presented in Figure 5 and selected bond

o

lengths [A] and angles [°] for 2 are given in Table 2.

Figure 5. Thermal ellipsoid plot of the molecular structure of the
complex cation of 2 (40% probability ellipsoids, C bound hydrogen
atoms omitted for clarity).

Table 2. Selected bond lengths [A] and angles [°] for 2.

Bond lengths

Cu(1)-N(1) 2.030(3)  Cu(1)-N(1A)@ 2.030(3)
Cu(1)-N(2) 2.1342)  Cu(1)-NQA)& 2.134(2)
Cu(2)-N(@3) 1.886(2)  Cu(2)-N(3A)H 1.886(2)
Bond angles

N(1)-Cu(1)-N(1A)& 13452)  NOIA)R-Cu(1)-NQA)  84.5(1)
N(1)-Cu(1)-NQ2) 84.5(1) N(@2)-Cu(1)-NQA)& 122.9(2)
N(1A)-Cu(1)-N(2) 117.8(1)  NEGA)HCu(2)-N(3) 179.2(2)
N(1)-Cu(1)-NQA)& 117.8(1)

[a] Symmetry code: —x + 2, y, —z + 1.5.

The helical complex exhibits a crystallographic C, axis
running through the two copper(I) centres. One copper(I)
ion is coordinated in a distorted tetrahedral geometry by
two imine donors with a Cu-N distance of 2.030(3) A and
two amine donors with a Cu—N distance of 2.134(2) A. The
second copper(I) centre shows linear coordination by two
imine donors with a Cu-N distance of 1.886(2) A, and
weak interactions with two ClO,4 counterions [Cu(2)-+
O(14) 2.927(3) A]. The ClO4 counterions form hydrogen
bonds to the N-H groups [N(2)-H(2):--O(14) with N(2)-
H(2) 0.91 A, H(2)--O(14) 2.26 A, N(2)~-O(14) 3.137(3) A
and N(2)-H(2)--O(14) 161°]. The separation of the two
copper centres is 3.609(1) A. Helical copper(I) complexes
with Schiff base ligands are known!®! and a system with a
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macrocyclic ligand similar to mac has been described.[#2]
However, most interesting is a comparison with a dicop-
per(I) helicate complex with a 2,6-bis(pyrazole-2-yl)pyridine
derivative.”) This ligand, which is totally different chemi-
cally to L!, shows some similarity if one overlaps their
chemical formulae as shown in Scheme 2.

RK\”/\R

G

Scheme 2. Comparison of L! with a 2,6-bis(pyrazole-2-yl)pyridine
derivative (R = H, Me, ¢Bu).

That this comparison is not far fetched can be seen
clearly in a comparison of 1 with the reported® complex
[{Cu(u-LMes)1 1+, In both complexes there is a similar
structural unit with one four- and one two-coordinate cop-
per(I) ion.

Discussion of the Structure Dependence on the Counterion

The fact that the nature of the counterion has an impor-
tant impact on the molecular structure is often observed in
crystal-engineered coordination polymers, where the anion
is part of the polymeric array.['”) Furthermore, counterions
can have a strong influence on supramolecular structures.
For example, Lehn showed that in some circular double hel-
ices where the counterion occupies the centre of the ar-
rangement, the nature of the anion is responsible for the
formation of either a cubic, a pentagonal or a hexagonal
architecture.!''! Noncovalent interactions between a cation
and a counterion might be crucial for the formation of vari-
ous structure types. Silver terpyridyl and silver pyridyl thio-
ether complexes form different aggregates, with the struc-
ture depending on the counterions and the solvents used.['”]
It is suggested that weak interactions such as hydrogen
bonding and X-+*H-C contacts play an important role in
complex formation. Interestingly, and most recently, zwit-
terionic dicopper helicates with a salicylaldiminato unit as
a ligand have been used for anion encapsulation studies.®¢!

The effect of counterions on the solid-state structure of
metal compexes, e.g. on a thiourea-platinum(II) complex, !
have been observed previously, however, to our knowledge,
1 and 2 are the first “simple” complexes where the nature
of the non- or weakly coordinating counterions determines
the complex structure in such a way. In general, noncova-
lent intramolecular and intermolecular interactions stabilize
different species and are probably crucial for the formation
of different complex structures. In 1, one F---H-C interac-
tion less than 2.55 A and one weak intermolecular hydro-
gen bond with F(6)-H(1_2) 2.442 A were observed per
PF¢ counterion. The helical complex 2 is stabilized by one
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hydrogen bond per ClO4 counterion to the N-H group
with a hydrogen acceptor distance of 2.26 A. Furthermore,
two O--H-C interactions less than 2.60 A are apparent per
ClO4 anion. The aromatic rings with C(6)-C(11) and
C(6A)-C(11A) are not coplanar, and, with the closest dis-
tance of 3.774 A between C(6) and C(11_2) of the neigh-
bouring molecule, are not suitable for providing effective
n-n interactions. Compounds 1 and 2 exhibit no striking
differences concerning weak interactions with the exception
of the stronger hydrogen bond in 2. Therefore, crystalli-
zation and crystal packing effects might play a crucial role
in structure formation. Crystal packing diagrams are pre-
sented in the supporting material.

Further Variation of the Counterions

To further investigate the influence of the counterion on
the structure of the corresponding complexes, the copper(I)
compounds with the counterions BF, and SbF4 were syn-
thesized in a similar way to 1. Unfortunately, single crystals
suitable for X-ray analyses were not obtained. However,
mononuclear and dinuclear coordination types can be dif-
ferentiated by spectroscopic methods. For example, the
band arising from the N-H vibration of 1 appears at
3350 cm ! in the IR (KBr) spectrum, whereas in 2 the wave-
number decreases to 3259 cm™!, probably due to N-H--O
hydrogen bonds between the N-H groups and ClO4 . More-
over, the presence or absence of MeCN signals in 'H and
13C NMR spectra establishes the formation of both the mo-
nonuclear and the dinuclear species.

For copper(I) complexes with a BF,~ counterion, a band
arising from the N—H vibration appears at 3268 cm™' in the
IR (KBr) spectrum similar to 2, whereas in the 'H and '3C
NMR spectra (measured in [Dg]DMSO) no signals for
CH;CN were found. These results indicate that [Cu,(L')
»](BF4), was obtained during the reaction. For the cop-
per(I) complex with a SbF4 counterion, however, the IR
(KBr) spectrum exhibited two bands arising from N-H vi-
brations at 3286 and 3342 cm!, indicating the presence of
both [Cu,(L"),](SbF¢), and [Cu(L')(CH;CN)]SbF4 in the
solid state. Integration of the MeCN signal in the '"H NMR
spectrum (measured in [Dg]DMSO) gives evidence that a
mixture of [Cu,(L'),](SbFs), and [Cu(L')(CH;CN)|SbF,
was formed in a 4.6:1 ratio.

Thus, tetrahedral counterions such as ClO, and BF,
prefer the formation of dinuclear species. Octahedral PF4
forms the mononuclear compound and SbF~ forms a mix-
ture of mononuclear and dinuclear species. The dependence
of the molecular structure on the counterion might be the
result of packing effects in the solid state.

Investigation of the Behaviour of 1 and 2 in Solution

In order to investigate the behaviour of 1 and 2 in solu-
tion, various experiments were carried out. To study poten-
tial equilibria between 1 and 2, low temperature NMR tech-
niques were applied. Temperature-dependent 'H NMR
258
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spectra of 1 and 2 in CD;CN and [D;]DMF were recorded
down to —40 °C and 55 °C, respectively. The NMR spectra
for both compounds were similar and differed only in the
presence of the CH;CN peak for 1. Figure 6 shows the 'H
NMR spectra of 1 in CD3;CN at —40, —20, —10 and +25 °C.
From the NMR patterns it is clear that for 1 and 2 only
the mononuclear species is present in solution. Therefore, 2
decomposes into its mononuclear component in coordinat-
ing solvents.

L
L

L

bl

o,

+25°C

-10°C

-20°C

-40°C

SN VYO
0 50 40 30 20 10 00
(ppm)

Figure 6. '"H NMR spectra of [Cu(L')(CH5CN)]PF4 in CD5CN at
40, -20, —10 and +25 °C.

'"H NMR spectra did not give any indication of equilibria
between the dinuclear and mononuclear species as no sig-
nificant line broadening was observed. Only the signal for
the N-CH, protons split at about —20 °C into two broad
signals at 6 = 2.69 and 3.11 ppm, which show coalescence
at about —10 °C. The signal splitting derives from the dia-
stereotopy of the hydrogen atoms in the N-CH, groups,
resulting in different chemical shifts. By raising the tem-
perature, dissociation and subsequent association of the
amine protons makes the diastereotopic hydrogen atoms
chemically equivalent.

Low-temperature '"H NMR spectroscopy of 1 and 2 in
CDsOD down to —80 °C gave different spectra for each
complex. For 1, NMR spectra were very similar to those
obtained in coordinating solvents. For 2, however, the 'H
NMR spectra showed line broadening from -20°C on-
wards. Due to the limited solubility of 2 in weakly coordi-
nating solvents, no deeper insight could be gained.

UV/Vis spectroscopy of 1 and 2 in CH5;CN also reveals
that 2 forms a mononuclear species in coordinating sol-
vents, as 2 yields an identical UV/Vis spectrum with ¢ values
about twice as high as those of the mononuclear compound
1. Further evidence for the decomposition of the dinuclear
species by coordinating agents is given by the formation of
[Cu(LYH(PPh3)]CIO, (3) from the reaction of 2 with PPh;.
The molecular structure of [Cu(L')(PPhs)]* is shown in Fig-
ure 7. The copper(I) centre is coordinated in a distorted tet-
rahedral geometry by two imine donors, an amine donor
and the phosphane ligand. The Cu—(N-)distance of

Eur. J. Inorg. Chem. 2011, 255-267
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2.161(3) A is practically identical to that in 1 [2.164(2) A],
whereas the Cu—(N=) distances of 2.092(3) and 2.112(3) A
are longer than those in 1 [2.044(2) and 2.086(2) A], which
is probably due to steric hindrance caused by the phos-
phane ligand. The Cu—P distance of 2.205(1) A falls within
the range usually observed. The steric demand of the phos-
phane ligand is also apparent in the shortened bond angles
[N(1)-Cu(1)-N(2) 83.8(2)°, N(3)-Cu(1)-N(1) 109.6(2)° and
N(3)-Cu(1)-N(2) 82.8(2)°]. Selected bond lengths [A] and
angles [°] for 3 are given in Table 3.

Figure 7. Thermal ellipsoid plot of the molecular structure of the
complex cation of 3 (50% probability ellipsoids, C bound H atoms
omitted for clarity).

Table 3. Selected bond lengths [A] and angles [] for 3.

Bond lengths

Cu(1)-N(1) 2.112(3) Cu(1)-N(2) 2.161(3)
Cu(1)-N(3) 2.092(3) Cu(1)-P(1) 2.205(1)
Bond angles

N(3)-Cu(1)-N(1) 109.6(2) N@B)-Cu(1)-P(1) 114.12(8)
N(3)-Cu(1)-N(2) 82.8(2) N(1)-Cu(1)-P(1)  132.06(8)
N(1)-Cu(1)-N(2) 83.8(2) N@2)-Cu(1)-P(1)  119.64(9)

From these results we can conclude that in coordinating
solvents 1 and 2 form similar mononuclear copper(I) com-
plexes. Potts et al. have previously reported related observa-
tions that a helical complex with a terpyridine derivative as
a ligand shows different coordination behaviour in solution
compared with the solid state.['4]

Electrochemistry

Cyclic voltammetry of 1 and 2 was performed with a
scan rate of 100 mVs! in CH;CN. Both compounds exhib-
ited the same electrochemical behaviour with an irreversible
Cu'/Cu redox couple with Ey, = +0.12 V (E,, = +0.19'V,
Ey = +0.04V, joape = 0.46). An additional irreversible re-
duction peak with E,. = —-0.16 V was observed. This peak
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could be assigned to the reduction of a decomposition
product of the copper(II) species. In contrast, [Cu,(mac)-
(CH3CN),](ClOy), exhibits one irreversible oxidation peak
with E,, = 0.12V. E,, in [Cuy(mac)(CH3CN),](ClOy),,
which is shifted by 70 mV to more negative potentials com-
pared to 1, although both complexes exhibit a similar coor-
dination sphere. The E,,, shift could be explained by differ-
ences in the wider chemical environment of the copper(I)
centres in both complexes.

Copper(IT) Complexes

In order to compare the oxidation behaviour of 1 with
[Cus(mac)(CH;CN),J(ClOy),, 1 was treated with dioxygen
in different solvents. Oxidation of 1 in CH3;OH yielded the
bismethoxido bridged species [Cu,(L'),(OCHj3),](PF), (4),
whereas in CH,Cl, [Cuy(L')>(OH),](PF¢), (5) was formed.
The molecular structure of [Cuy(L')>(OCH;3),]** with the
atomic numbering scheme is shown in Figure 8, and se-
lected bond lengths [A] and angles [°] for 4 are given in
Table 4.

Figure 8. Thermal ellipsoid plot of the molecular structure of the
complex cation of 4 (50% probability ellipsoids, C bound H atoms
of the ligand omitted for clarity).

Table 4. Selected bond lengths [A] and angles [] for 4.
Bond lengths

Cu(1)-N(1) 2.019(5) Cu(1)-0O(1) 1.936(4)
Cu(1)-N(2) 2.073(4) Cu(1)-O(1A)& 1.940(4)
Cu(1)-N(3) 2.365(5) Cu(1)-Cu(1A) 3.013(2)
Bond angles

O(1)-Cu(1)-O(1A)l  78.0(2) O(1A)L-Cu(1)-N(2) 95.1(2)
O(1)-Cu(1)-N(1) 99.3(2) N(1)-Cu(1)-N(2) 82.0(2)
O(1A)BECu(1)-N(1)  164.8(2) O(1)-Cu(1)-N(3) 120.02)
O(1)-Cu(1)-N(2) 158.7(2)

[a] Symmetry code: —x + 1, —y, —z + 1.

In dinuclear 4 each copper(Il) ion is coordinated in a
distorted square pyramidal geometry with ¢ = 0.108 (z = 0
for a square pyramidal, t = 1 for a trigonal bipyramidal
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complex).!'3] The copper centres are related to one another
by a centre of inversion. The base of the pyramid is formed
by N(1), N(2), O(1) and O(1A), and N(3) forms the top of
the pyramid. Compared to 1, the Cu(1)-N(1) and Cu(1)-
N(2) distances are shorter at 2.019(5) and 2.073(4) A
[2.044(2) and 2.164(2) A in 1], respectively, whereas the
Cu(1)-N(3) distance is significantly increased at 2.365(5) A
compared to 2.086(2) A in 1. The Cu(1)-O(1) and Cu(1)-
O(1A) distances are relatively short at 1.936(4) and
1.940(4) A, respectively. The Cu(l)-Cu(lA) distance of
3.013(2) A is normal compared to related complexes. The
PF¢ counterions are involved in hydrogen bonding with
the N-H groups [N(2)-H(2)--F(14#') with N(2)-H(2) 0.92,
H(2)-+F14*! 2.28 and N(2)-F(14*) 3.199(7) A, and N(2)-
HQ2)--F(14%") 176°, —x + 1, -3, —z + 1]. The molecular
structure is related to the analogous bismethoxido bridged
species obtained during the oxidation of [Cu,(mac)-
(CH3CN),](ClOy), in a mixture of solvents containing ace-
tonitrile.['®) Here Rieger and coworkers demonstrated that
[Cus(mac)(CH3CN),](ClO4), does not always undergo in-
tramolecular ligand hydroxylation and thus obtained the
first bismethoxido bridged copper(Il) complex as an oxi-
dation product.

The molecular structure of [Cu,(L'),(OH),J** (5) with
the atomic numbering scheme can be seen in Figure 9, and
selected bond lengths [A] and angles [°] 5 are given in
Table 5. In the dinuclear complex each copper(II) ion is co-
ordinated in a square pyramidal geometry with 7 = 0.046.

Figure 9. Thermal ellipsoid plot of the molecular structure of the
complex cation of 5 (50% probability ellipsoids, C bound H atoms
omitted for clarity).

The copper(IT) centres are related to each other by a cen-
tre of inversion on the Cu(1)-Cu(1A) axis. Both pyramids
share the O(1)-O(1A) edge analogous to 4. The base of the
pyramid is formed by N(2), N(3), O(1) and O(1A), and
N(1) forms the top of the pyramid. Compared to 4, Cu(1)-
N(1), Cu(1)-O(1) and Cu(1)-N(2) distances are slightly
shorter at 2.320(3), 1.928(3) and 2.038(3) A. The Cu(l)-
N(3) distance is similar to that of 4 at 2.020(3) A, and the
Cu(1)-O(1A) distance is slightly longer at 1.957(2) A. Sim-
ilar to 4, the formation of hydrogen bonds between the N—
H group of the ligand and the PF4 anion is observed:
260
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Table 5. Selected bond lengths [A] and angles [°] for 5.

Bond lengths

Cu(1)-N(1) 2.320(3) Cu(1)-0(1) 1.928(3)
Cu(1)-N(2) 2.038(3) Cu(1)-O(1A)a 1.957(3)
Cu(1)-N(3) 2.020(3) Cu(1)-Cu(1A) 2.9846(9)
Bond angles

O(1)-Cu(1)-O(1A)  79.6(2) O(1A)E-Cu(1)-N@2) 92.3(2)
O(1)-Cu(1)-N(3) 99.2(2) N(@3)-Cu(1)-N(2) 82.9(2)
O(1A)E-Cu(1)-N(3)  162.5(2) O(1)-Cu(1)-N(1) 116.7(2)
O(1)-Cu(1)-N(2) 159.7(2)

[a] Symmetry code: —x + 1, -y + 1, —z + 1.

N(2)-H(2)-+F(12) with N(2)-H(2) 0.93, H(2)--F(12) 2.18
and N(2)-+F(12) 3.058(4) A, and N(2)-H(2)-F(12) 158,
and with the alternative position of the distorted PF4
anion: N(2)-H(2)--F(15A) with N(2)-H(2) 0.93, H(2)--
F(15A) 2.60, N(2)--F(15) 3.232)A and N(2)-H(Q2)--
F(15A) 126°.

Investigation of the Oxidation Reaction

Due to the molecular structures of the copper(Il) com-
pounds, no hydroxylation of the ligand was observed during
the oxidation of 1 in MeOH or CH,Cl,. However, as yields
for 4 and 5 were quite low at 73% and 58%, a further ex-
periment was performed to investigate potential ligand hy-
droxylation. Complex 1 was treated with dioxygen in
CH,Cl,, and the copper(Il) ions were removed with NHs.
The remaining organic residue consisted of L! and its de-
composition product benzaldehyde. No hydroxylation of L!
was observed in any reaction.

In order to detect a dioxygen adduct of these complexes,
such as a peroxido or superoxido species, during the oxi-
dation of 1 in CH,Cl,, the reaction was probed with low
temperature stopped-flow investigations. This technique has
been quite useful in the past to observe such reactive inter-
mediates.?>3™171 In up to 41s total time, time resolved
spectra did not show any changes in absorption at tempera-
tures between —88 °C and -3 °C. The oxidation reaction
proceeded very slowly, and no spectroscopic detection of
any reactive dioxygen adduct was possible.

In order to draw conclusions about the intermediates
formed during the oxidation reaction, a chemical approach
was chosen. Nucleophilic peroxido compounds can be pro-
tonated by acids at the peroxido moiety to give H,O,. In
reverse, the detection of H,O, should indicate previous for-
mation of a peroxido species. When 1 was oxidized in
CH,Cl, at —40 °C and the reaction quenched with HPFg,
an average amount of 7.8% H,0O, was found by iodometric
titration. Formation of H,O, could also be verified by using
H,O0, test strips.

During investigations of the oxidation reaction we found
that the absorption spectrum of a freshly oxidized solution
of 1 in CH,Cl, differs from the spectrum of 5. Therefore, a
compound other than 5 was the first “stable” product
formed in the oxidation reaction. IR spectra of the oxidized
solution did not show any bands belonging to an OH vi-
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bration, and in the field desorption mass spectrum (FD-
MS) a peak at m/z = 357 corresponding to the [Cu-
(LYHOJ* fragment was observed. Thus, we assume that the
oxido compound [Cu,(L"),0]** was formed. Further evi-
dence was given by monitoring the reaction of a freshly
oxidized solution of 1 in CH,Cl, with one equivalent of
H,O by UV/Vis spectroscopy. Absorption spectra clearly
indicated the formation of 5 [shoulder, A,,,x = 582 nm (473)]
from [Cus(LY)>0P" [Amax = 594 nm (185)] as shown in Fig-
ure 10. Copper oxido complexes have been recently de-
scribed to most likely be an active species in the selective
oxidation of methane to methanol catalyzed by methane
monooxygenase.[!8]
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Figure 10. Top: UV/Vis spectrum of an oxidized solution of 1 in
CH,Cl,; middle: UV/Vis spectrum of 5 in CH,Cl,; bottom: time-
resolved UV/Vis spectra of an oxidized solution of 1 in CH,Cl,,
quenched with one equivalent of water.
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Complex 1 reacts slowly with dioxgen, probably forming
a peroxido species and the oxido compound [Cu,(L'),0]**
prior to the bishydroxido-bridged complex 5. In contrast,
macrocyclic  [Cu,(mac)(CH3CN),](ClO,4), reacts much
faster with dioxygen to give a peroxido intermediate. The
peroxido intermediate decays by hydroxylation of the li-
gand.[*e4dl The higher reactivity of [Cuy(mac)(CH;CN),J-
(ClOy), towards dioxygen might be attributed to its more
negative redox potential and its highly preorganized struc-
ture. Dioxygen might fit very well between the two cop-
per(I) centres, and because of the proximity to the aromatic
spacer, hydroxylation of the ligand is possible. In 1 there is
no preorganization present, and the aromatic moieties of
the ligand are much more flexible. These differences might
be responsible for the very different oxidation behaviour.
These findings are not completely unexpected because sim-
ilar observations were made previously for an important
model compound, [Cuy(XYL-H)]**. This dinuclear cop-
per(I) complex shows hydroxylation of the aromatic spacer
group upon reaction with dioxygen.[®3%3mI Kinetic studies
of the oxidation process reveal that the reaction probably
proceeds through a peroxido intermediate.[*3™! In contrast,
here the mononuclear copper(l) compound containing
“half” of the XYL-H ligand did not show any hydroxyl-
ation of the ligand upon oxidation.’*!”1 However, other
mononuclear copper(I) complexes exhibit aromatic as well
as aliphatic ligand hydroxylation when reacted with di-
oxygen.[?"]

Copper Complexes with L?

From our previous work we know that it can be difficult
to observe copper dioxygen adducts as reactive intermedi-
ates when Schiff bases are used as ligands.[*¢-4-170-211 There-
fore we have also synthesized L?, the amine derivative of
the imine L'. L2 has been described previously as a hydro-
chloride salt.??! We used LiAlH, instead of NaBH, for the
reduction of L! to L? to avoid an acid workup.

It is quite difficult — mainly due to disproportionation
reactions — to isolate copper(I) amine complexes as solids
and/or to structurally characterize them. Therefore, we were
not surprised that, similar to our recent work on ligands
related to L2 only dilute solutions of copper(I) L? com-
plexes could be prepared in situ by mixing the amine with
[Cu(CH;CN),4]PF; in different solvents.

'H NMR spectroscopy in [D¢]DMSO supports the pres-
ence of a highly symmetrical copper(I) complex in solution.
A singlet at 6 = 2.07 ppm is observed from the methyl pro-
tons of CH3CN. This could be either caused by a fast ex-
change between coordinated and free acetonitrile or it
could mean that CH;CN is not coordinated at all. Unfortu-
nately, it is not possible to distinguish between these two
possibilities from these measurments, because the downfield
shift of the signal for the methyl protons compared to that
of the free CH3CN is too small to be significant. However,
we assume from previous studies that acetonitrile is coordi-
nated in solution and the complex should be formulated as
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[Cu(L2)(CH;CN)]PF,. The coordination of L? to the cop-
per ion mainly affects the chemical shift of the NH protons.
These appear with a downfield shift of about 1.5 ppm at ¢
= 3.49 ppm compared to free L. The CH, groups of the
ethyl bridges and the benzyl groups show singlets at J =
2.64 and 3.73 ppm, respectively. The aromatic protons show
a multiplet at 7.27-7.37 ppm. *C NMR spectroscopy exhi-
bits only one set of signals for CH;CN, at 0.00 and 116.92
ppm, which is shifted only about 0.5 ppm upfield compared
with that of free CH3CN. Again, this shift is not significant
enough to prove or exclude coordination of CH;CN. Ad-
ditional signals at 6 = 45.88 and 47.70 ppm for the CH,
groups of the ethyl bridges, 6 = 53.20 ppm for the benzylic
CH, groups and 6 = 126.09, 127.20, 127.51 and 138.06 ppm
for the aromatic C atoms support the Cg symmetry of the
complex. Furthermore, coordination of L? to the copper(I)
ion is characterized with the observation of a peak at mi/z
= 346 (100%) for the fragment [Cu(L?)]* in FD-MS mea-
surements in CH3CN. An additional peak at m/z = 284
(20%) corresponding to L? is also seen. UV/Vis spec-
troscopy of a complex synthesized in situ measured in
CH;CN solution revealed two bands at 214 (¢ =
17.301 M 'em ') and 242 nm (shoulder, ¢ = 6.863 M 'cm™!).
These bands can be assigned to intraligand transitions.

Electrochemistry of [Cu(L?)(CH;CN)]PF,

Electrochemical measurements were performed with
equimolar solutions of [Cu(CH;CN),JPF, and L? (1:1) in
CH;CN. Figure 11 shows the cyclic voltammogram of this
solution with v = 50, 100 and 200 mV's !. The Cu'/Cu'" re-
dox behaviour of this complex is quasireversible with Ej),
=+40.02 V for v=100 mVs™ (E,, = +0.10 V, E,. =-0.07 V)
and joape = 1.04. Compared with 1 described above, the
redox potential has shifted to a value about 0.5V more
negative. Thus, [Cu(L*)(CH;CN)]PF is thermodynamically
less stable and can be oxidized more easily than 1.
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Figure 11. Cyclic voltammetry of a 1:1 mixture of [Cu(CH;CN),]-
PFs and L2 in CH;CN (v = 50, 100, 200 mVs™!).

262 www.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Previously, correlations have been made for some cop-
per(I) compounds with regard to the basicity of the ligands
and the resulting redox potentials of the complexes.'’) An
increase in ligand basicity caused by a shift of the redox
potentials towards more negative values. Assuming that
[Cu(L?)(CH;CN)]PF¢ has the same coordination geometry
as 1, we can explain the shift of the redox potential towards
more negative values with the increased basicity of L2.

Investigation of the Oxidation Reaction of [Cu(L?)
(CH;CN)|PF¢

The reaction of the [Cu(L?)(CH3;CN)]PF, with dioxygen
was investigated in CH,Cl, at —88 °C, —41 °C and -3 °C,
using stopped-flow techniques as described above. Di-
oxygen adduct complexes were not detected spectroscopi-
cally under these conditions. Again this was unsurprising
because we have previously observed copper(I) complexes
with related tridentate ligands, and these reactive intermedi-
ates can be detected only in a few cases.[**"! Therefore, no
further detailed kinetic measurements were performed on
this system.

[Cus(L2),CL|PF¢2 MeOH (6)

It has been shown previously that a copper(Il) chlorido
complex is an acceptable structural analogue of a copper
dioxygen adduct complex.['”®! Therefore, a chloridocop-
per(Il) complex with L? as ligand was prepared and struc-
turally characterized. The crystal structure of the cation of
[Cu,(L2),Cl5]PF¢-2MeOH (6) is presented in Figure 12.
Both copper(Il) ions in the dinuclear complex show dis-
torted square pyramidal geometry (with a z-value of 0.09)
and are coordinated by three amine and two chloride do-
nors. Both pyramids are linked by the axial chloride anion
CI(1) with Cu(1)-CI(1) 2.5874(8) A, CI(1)-Cu(1)-Cl(2)
104.49(3)° and Cu(1)-CI(1)-Cu(1A) 110.62(5)°. The base of

Figure 12. Molecular structure of the complex cation of 6.
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both pyramids is formed by N(1), N(2), N(3) and CI(2) with
N(1)-Cu(1)-N(2) 84.57(11)°, N(2)-Cu(1)-N(3) 83.20(11)°,
N@B)-Cu(1)-Cl(2) 93.47(8)° and N(1)-Cu(1)-Cl(?2)
95.26(8)°. The separation of the two copper centres is rela-
tively short at 4.255 A, whereas the copper amine donor
distances between 2.021(3) and 2.060(3) A compare well
with similar copper complexes.? From the molecular
structure it is obvious that a dinuclear peroxido or oxido
complex can (and most likely will) form during the reaction
of [Cu(L?)(CH;CN)JPF, with dioxygen. However, due to
kinetic reasons we were unable to detect such an intermedi-
ate spectroscopically.[4e-4d.21,23b]

Conclusions

The new tridentate ligand L! provides a wide range of
copper(I) and -(II) complexes. Cu(I) complexes of L! dis-
play an unusual anion effect. With a PF4 counterion, the
mononuclear copper(I) complex [Cu(L')(CH;CN)|PF, (1)
was formed, whereas the reaction of L! with [Cu(CH3;CN),4]-
ClO,4 produced the dinuclear helical compound [Cu,(L'),]-
(ClIOy4); (2). The formation of different molecular structures
is probably caused by crystallization effects as well as the
stronger hydrogen bond in 2. No other striking differences
concerning weak interactions were found for either of the
complexes.

In coordinating solvents, the dinuclear compound
changed into the mononuclear species. This finding was
supported by the formation of [Cu(L')(PPh3)]CIO, (3) in
the reaction of 2 with PPh;

Oxidation of 1 with dioxygen in CH;OH and CH,Cl,
yielded the dinuclear complexes [Cu,(L'),(OCHj;),](PFs),
(4) and [Cu,(LY)>(OH),](PF¢), (5). No hydroxylation of the
ligand was observed upon oxidation. The oxidation behav-
iour differs from that of the dinuclear compound [Cu,-
(mac)(CH;CN),](ClOy),. Reasons behind the different reac-
tivity could be seen in the higher redox potential of 1 and
the absence of a dinuclear copper core providing a highly
preorganized system. Investigation of reaction intermedi-
ates during oxidation showed that a peroxido species as well
as the oxido compound [Cu,(L'),O](PF), most likely were
formed during the reaction. However, detection of the per-
oxido species by UV/Vis spectroscopy was not possible.
Furthermore, the reaction of [Cu(L?)(CH;CN)]PF, with di-
oxygen was investigated. Again, we could not detect the
presence of a dioxygen adduct spectroscopically. A dinu-
clear copper(II) complex, [Cu,(L?),Cl;]PFs, was prepared
and structurally characterized.

Experimental Section

Materials and Methods: Commercially available reagents and sol-
vents used were of reagent quality. Organic solvents used in the
syntheses of the copper(I) complexes were dried according to stan-
dard procedures. Diethylenetriamine and benzaldehyde were dis-
tilled prior to use. [Cu(CH3CN),]X (X = ClO,, PFq4, BF,, SbFy)
salts were synthesized according to literature procedures.[>”! Prepa-
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ration and handling of air-sensitive compounds were carried out in
a glove box filled with argon (MBraun, Germany; water and di-
oxygen less than 1 ppm).

'H and '*C NMR spectra were recorded with a DXP 300 AVANCE
spectrometer. For low-temperature measurements of 1 and 2 in
[D;]DME, a Bruker DRX 400 AVANCE spectrometer was used.
IR spectra were recorded in solution or as KBr pellets with a ATJ
Mattson Infinity 60 AR-FT-IR instrument. Elemental analyses
were carried out with a Carlo-Erba Element Analyser Model 1106
and FD mass spectra were measured with a JEOL JMS 700 instru-
ment at 70 eV and a source temperature of 200 °C. For standard
UV/Vis spectroscopic investigations and for the investigation of the
reaction of an oxidized solution of 1 with H,O, a Hewlett-Packard
8452A diode array spectrophotometer was used. Time-resolved
UV/Vis spectra of the reaction of 1 with dioxygen were recorded
with a modified Hi-Tech SF-3L low-temperature stopped-flow unit
(Salisbury, U.K.) equipped with a J&M TIDAS 16-500 photodiode
array spectrophotometer (J&M, Aalen, Germany).*! Using syrin-
ges, an in situ prepared 4 X 104 M solution of 1 was transferred to
the low-temperature stopped-flow instrument. A dioxygen satu-
rated solution was prepared by bubbling O, through CH,Cl, in a
syringe (solubility of O, at 25 °C in CH,Cl,: 3.8 X 103 m).[?”] Cyclic
voltammetry was carried out using an EG&G Model 263 po-
tentiostat. The measurements were performed at 25 °C under nitro-
gen in CH3;CN or DMSO solutions containing 0.1 M nBuyNPFg
and 1% 1073 to 10~* m copper(I) complex. The experiments utilized
a two-chambered electrochemical H-cell in which the working solu-
tion compartment was separated from the other by a fine glass frit.
The reference electrode for the electrochemical measurements was
an Ag/AgCl electrode (BAS MF-1052). A glassy carbon disk was
used as the working electrode and a coiled platinum wire was used
as the reference electrode. Potentials are reported relative to the
ferrocene/ferrocenium couple (+0.42 V vs. Ag/AgCl).

X-ray Structure Determination of L! and 1-6: Single crystals were
coated with protective perfluoropolyether oil and mounted on a
glass fibre. Data for L, 2 and 4 were collected with a Siemens P4
diffractometer at 210(2), 295(2) and 210(2) K and for 1, 3, 5 and 6
with a Nonius Kappa CCD diffractometer at 173(2), 100(2) and
100(2) K, respectively (Mo-K,, 2 = 0.71073 A, each graphite-mono-
chromated). Space groups were determined from systematic ab-
sences. All structures were solved by direct methods and refined on
F? using full-matrix least-squares techniques.”®! All non-hydrogen
atoms were refined with anisotropic thermal parameters (see
Tables 6 and 7).

For all compounds, data were corrected for Lorentz and polariza-
tion effects. An empirical absorption correction using SCALE-
PACK was carried out for 1. Pure organic L! absorption effects
were neglected. Semiempirical absorption corrections on the basis
of Psi-scans were performed for 2 and 4, and a semiempirical ab-
sorption correction on the basis of multiple scans using SOR-
TAVI?! was carried out for 3. A numerical absorption correction
based on the indexing of crystal faces was performed for 5. Hydro-
gen atoms of 6 where treated using a riding model. Hydrogen atoms
of L! were located from a difference Fourier map and refined with
individual isotropic displacement parameters. With the exception
of the O1 bound hydrogen atom H1 of 5, whose position was de-
rived from a difference fourier map, all hydrogen atoms of com-
pounds 2, 3, 4 and 5 were placed in positions of optimized geome-
try and their displacement parameters were tied to the equivalent
isotropic displacement parameters of the corresponding carrier
atoms by a factor of 1.2 or 1.5.

Due to of the absence of heavy atoms, the absolute structure of L!
was not determined. Hydrogen atoms of 1 were located from a
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Table 6. Crystal data and structure refinement for L', 1 and 2.

Compound L! 1 2
Empirical formula C18H21N3 C20H24N4CUPF6 C36H42N6CU2C1208
Formula weight 279.38 528.94 884.74
Temperature kK] 210(2) 173(2) 295(2)
Wavelength [A] 0.71073 0.71073 0.71073
Space group P2, P1 C2le
a[A] 8.947(1) 8.8145(2) 16.763(1)
b [A] 5.515(1) 11.2443(2) 15.213(1)
¢ [A] 16.088(2) 12.2806(2) 17.344(1)
a[°] 90 110.282(1) 90
Bl 98.93(1) 91.682(1) 116.44(1)
7 [°] ) 90 95.242(1) 90
Volume [A3] 784.2(2) 1134.49(4) 3960.3(5)
Z 2 2 4
Density, caled. [Mgm 3] 1.183 1.534 1.484
Absorption coeff. [mm™] 0.071 1.548 1.266
R indices [I> 20 (1)] R; = 0.0405 R, =0.0337 R, = 0.0462
wR, = 0.0805 wR, = 0.0873 wR, = 0.0796
R indices (all data) R; = 0.0629 R, = 0.00468 R, = 0.1047
wR, = 0.0892 wR, = 0.0934 wR, = 0.0956
Table 7. Crystal data and structure refinement for 3, 4 5.
3 4 5

Empirical formula
Formula weight

C37.5sH39N3CuCl; 33P0, 33
742.83

Temperature [K] 100(2)

Wavelength [A] 0.71073

Space group R3

a[A] 35.126(1)

b [A] 35.126(1)

¢ [A] 15.4896(5)

a[°] 90

B 90

7 [’ 120

Volume [A?] 16550.7(9)

z 18

Density, caled. [Mgm 3] 1.342

Absorption coeff. [mm ] 0.778

R indices [I> 20 (I)] R,[@ =0.0553
wR, = 0.1270

R indices (all data) R, =0.1070
wR, = 0.1577

C3sH4sN6O,CusPoF
1037.84

CyoHs6NgO4CusPoF 5
1125.95

210(2) 100(2)
0.71073 0.71073
P2,/n Pl

9.074(1) 9.4575(4)
11.193(1) 10.6958(5)
21.017(3) 12.4593(7)

90 101.657(4)
92.75(1) 92.168(4)

90 104.018(3)
2132.1(4) 1192.6(1)

2 1

1.617 1.568

1.168 1.053

R,[# = 0.0615 R,[# = 0.0501
wR, = 0.1201 wR, = 0.0834
R, =0.1309 R; = 0.0933
wR, = 0.1478 wR, = 0.0954

[a] Ri(Fo) = ZIFo| — [Fl/Z [Fol; wRx(Fo?) = (X[w(Fo* — FPYZw(F))".

difference Fourier map and refined with isotropic displacement pa-
rameters. Positional parameters were refined while one mutual iso-
tropic displacement parameter was kept fixed during refinement.
In the crystal structure of 3, solvent molecules (best described as
CH,Cl, and THF) were distorted around the crystallographic Cs
axis. For these molecules, no hydrogen atoms were taken into ac-
count during refinement. The PF4 counterion of 4 in the equato-
rial plane and the PFs~ counterions of 5 were distorted. Two alter-
native positions were refined with occupancies of 87.1(6)% for
F(11)-F(14) and 12.9(6)% for F(11A)-F(14A) in the case of 4 and
of 75.9(4)% for F(13)—(16) and 24.1(4)% for F(13A)-F(16A) in the
case of 5. The structure 5 included two acetone molecules per cop-
per(Il) complex unit. Complex 6 included two MeOH molecules
per copper(I) complex unit.

Syntheses of Ligands and Complexes

Caution! Perchlorate salts are potentially explosive and should be
handled with great care!

264 www.eurjic.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(7E)-N'-Benzylidene-N?-|(E)-2-(benzylideneamino)ethyl]ethane-1,2-
diamine (L'): L' was synthesized by a modified literature pro-
cedure.”?l A solution of benzaldehyde (4.25 g, 40.0 mmol) and di-
ethylenetriamine (2.06 g, 20.0 mmol) in CHCIl; (300 mL) was
heated to reflux for 3 h. The resulting yellow solution was washed
with H,O (50 mL), and the organic layer was dried with Na,SO,.
Evaporation of the solvent yielded a yellow oil that was crystallized
from hot CH;CN containing charcoal. The product was obtained
as a white solid in 63 % yield (3.50 g). Colorless single crystals suit-
able for X-ray diffraction studies were obtained from recrystalli-
sation of the crude product from CH;CN at 20 °C. C;gH, N3
(279.38): caled. C 77.38, H 7.57, N 15.04; found C 77.48, H 8.22,
N 15.07. '"H NMR (300 MHz, CDCl;): 6 = 1.91 (s, 1 H, N-H),
2.52-2.59 (m, 2 H, CH»Ni¢ in the aminal), 2.91-3.01 (m, 2 and
4 H, CH,—N- in the aminal and the bisimine), 3.23-3.46 (m, 2 H,
CH,—Nj,. in the aminal), 3.76 (m, 2 and 4 H, CH,~N= in the amin-
al and the bisimine), 4.16 (s, 1 H, C-H in the aminal), 7.26-7.67
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(m, 10 H, C-H aromatic), 8.22 (s, 1 H, N=C-H in the aminal), 8.31
(s, 2 H, N=C-H in the bisimine) ppm. *C{'H} NMR (300 MHz,
CDCly): 6 = 44.99 (CH,-N,,,, in the aminal), 49.78 (CH,—N,,. in
the aminal), 53.38, 53.44 (CH,-N- in the aminal and in the bis-
imine), 60.92, 61.09 (CH,—N= in the aminal and in the bisimine),
83.59 (C-H in the aminal), 127.81, 128.08, 128.38, 128.55, 130.58,
136.07, 136.24, 140.62 (C aromatic), 161.73, 162.18 (N=C in the
aminal and in the bisimine) ppm. FD-MS (CH3CN): m/z (%) =
560 (43) [2L'T*, 280 (100) [L']*. IR (KBr): ¥ = 3244 v(N-H), 2925/
2878/2839/2797 v(C-H), 1645 v(C=N), 758/696 &(C-H).
N'-Benzyl-/N?-[2-(benzylamino)ethyllethane-1,2-diamine (L?): This
preparation of the trihydrochloride salt of L? has been described
previously.”? To a solution of L' (4.00 g, 4.3 mmol) in absolute
THF (100 mL) under N, was added LiAlH,4 (2.72 g, 71.0 mmol) in
small portions with stirring before heating to reflux for 4 h. After
cooling, H,O (30 mL) was added cautiously to the suspension,
which was stirred for a further 45 min at room temperature. The
resulting white precipitate was collected by filtration and washed
with THF (25 mL) and CH,Cl, (25 mL). The filtrate was evapo-
rated to dryness and the yellow residue was redissolved in CH,Cl,
(50 mL) and washed three times with NaOH (1 N, 25 mL). The
organic phase was dried with Na,SO, and evaporation of the sol-
vent gave a yellow residue which was purified by kugelrohr distil-
lation at 250 °C in vacuo to yield 2.88 g (10.4 mmol; 71%) of a
yellow oil. FD-MS (CHls): m/z (%) = 283 (30) [L2]*, 567 (100) [2
L3*. IR (KBr): v = 3303 v(N-H), 3061/3027 v(C-H aromatic),
2893/2818 v(C-H aliphatic), 1453 5(C-H aliphatic), 1115 v(C-N),
738/700 3(C-H aromatic). 'H NMR (CDCl;): § = 1.60 (s, 3 H,
NH), 2.71 (s, 8 H, CH,), 3.77 (s, 4 H, CH-Ar), 7.22-7.30 (m, 10
H, H aromatic) ppm. *C{'H} NMR (CDCls): § = 48.87, 49.32
(CH,), 53.93 (CH,-Ar), 126.83, 128.07, 128.32, 140.49 (C aro-
matic) ppm. UV/Vis (CH;CN): /. [nm] (¢ [M'cm™')): 214
(19.062), 258 (shoulder, 1.142).

[Cu(L")(CH3CN)|PFg (1): To a solution of L' (0.419 g, 1.50 mmol)
in MeOH (20mL) was added [Cu(CH;CN)4PFs (0.560 g,
1.50 mmol), which was stirred for 3 h at room temperature. The
resulting yellow precipitate was collected by filtration, washed with
diethyl ether and dried in vacuo to yield 0.289 g (0.59 mmol, 40 %)
of 1. Yellow single crystals suitable for X-ray diffraction studies
were obtained by diffusion of Et,O into the a MeOH solution of
1. CoH,4CuFgN,P (528.94): caled. C 45.42, H 4.57, N 10.59; found
C 45.49, H 4.85, N 10.53. '"H NMR (300 MHz, [D¢]DMSO): ¢ =
2.08 (s, 3 H), 2.97 (m, 4 H), 3.77 (m, 4 H), 4.51 (s, 1 H), 7.36 (dd,
4 H), 7.56 (dd, 2 H), 8.09 (d, 4 H), 8.71 (s, 2 H) ppm. 3C{'H}
NMR (300 MHz, [D¢]DMSO): 6 = 0.00, 45.62, 59.37, 116.92,
127.27, 127.67, 131.04, 132.62, 163.92 ppm. FD-MS (MeH): m/z
(%) = 622 (42) [Cu(L"),]*, 343 (100) [Cu(LH]*, 281 (21) [L']*. IR
(KBr): v 3350 v(N-H), 2962/2920/2868 v(C-H), 1632 v(C=N), 836
V(P-F), 760/697 5(C-H). UV/Vis (CH3CN): Apay [nm] (¢ [M~'cm™1])
=206 (52.381), 242 (29.766), 284 (4.584), 334 (3.119).
[Cuy(L1),](ClOy); (2): The dinuclear compound was synthesized in
a similar manner to 1 in 80% yield. Red single crystals suitable for
X-ray diffraction studies were obtained by diffusion of THF into
the a MeOH solution of 2. C3¢H4,Cl,Cu,NgOg (884.76): caled. C
48.87, H 4.78, N 9.50; found C 48.85, H 4.85, N 9.33. 'H NMR
(300 MHz, [Dg]DMSO): ¢ = 2.98 (m, 8 H), 3.77 (m, 8 H), 4.51 (s,
2 H), 7.36 (dd, 8 H), 7.56 (dd, 4 H), 8.09 (d, 8 H), 8.71 (s, 4 H) ppm.
I3C{'H} NMR (300 MHz, [D4]DMSO): 6 = 46.98, 66.73, 128.63,
129.03, 132.41, 133.98, 165.31 ppm. FD-MS (MeH): m/z (%) = 622
(11) [Cu(L),]*, 442 (61) [{Cu(LH)}(ClO,)]*, 343 (100) [Cu(Lh)]".
IR (KBr): v 3259 v(N-H), 2909/2861 v(C-H), 1627 v(C=N), 1102
v(Cl-0), 757/692 &(C-H). UV/Vis (CH3;CN): A [nm] (e
[Mtem™]) = 206 (99.393), 242 (60.722), 284 (8.853), 334 (5.902).

Eur. J. Inorg. Chem. 2011, 255-267

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur/IC

European Journal
of Inorganic Chemistry

[Cux(L)I(BFy), and  [Cu(L')(CH3;CN)ISbF4/[Cux(L")1(SbFy),:
These compounds were synthesized analogously to 1 in 76% and
80% vyield, respectively. Satisfactory 'H, 13C NMR and IR spectra
and elemental analyses were obtained.

[Cu(L")(PPh3)|(CI04) (3): To a suspension of [Cu,(L'),]J(ClOy),
(0.442 g, 0.50 mmol) in MeOH (50 mL) was added PPh; (0.262 g,
1.00 mmol), which was stirred for 3 h at room temperature. The
volume of the yellow solution was reduced to about 5 mL before
the resulting yellow precipitate was collected by filtration, washed
with diethyl ether and dried in vacuo to yield 0.58 g (0.82 mmol;
82%) of 3. Yellow single crystals suitable for X-ray diffraction stud-
ies were obtained by diffusion of THF/Et,O (1:1) into a CH,Cl,
solution of 3. C34H3,CICuN;O4P (704.67): calcd. C 61.37, H 5.14,
N 5.96; found C 61.45, H 5.44, N 5.68. 'H NMR (300 MHz,
CDCls): 0 = 2.92 (br. s, 2 H), 3.47 (br. s, 2 H), 3.59 [br. s, 1 H],
3.75 [br. s, 4 H], 6.83 (dd, 4 H), 7.11-7.37 (m, 17 H), 7.94 (d, 4 H),
8.61 (s, 2 H) ppm. BC{'H} NMR (300 MHz, CDCls): 6 = 48.28,
61.94, 128.63, 128.95 (d, 3J = 9.45Hz), 129.18, 130.15, 132.17,
132.18 (d, 'J = 36.33 Hz), 133.13 (d, 2J = 15.98 Hz), 133.27, 165.31
ppm. 3'P{'H, '*C} NMR (300 MHz, CDCls): § = 2.38 (s) ppm.
FD-MS (CHCl,): m/z (%) = 604 (23) [Cu(LY)(PPhsy)]*, 441 (12)
[Cu(LY)(CIOL)]*, 342 (100) [Cu(LH]*, 262 (9) [PPhs]*. IR (KBr): ¥
= 3317 v(N-H), 3055 v(C-H), 2918/2862 v(C-H), 1632 v(C=N),
1436 §(C-H), 1092 v(Cl-0), 751/696 3(C-H). UV/Vis (CH3CN):
Jmax [nm] (& [MTem™1]) = 210 (7.565), 236 (3.688), 278 (1.705), 362
(592).

[Cu,L',(OCH;),](PFg), (4): To a solution of L' (0.698 g,
2.50 mmol) in MeOH (20mL) was added [Cu(CH3;CN)4JPF
(0.933 g, 2.50 mmol), which was stirred under aerobic conditions
for 3 h at room temperature. The resulting green precipitate was
collected by filtration, washed with diethyl ether and dried in vacuo
to yield 0.939 g (0.91 mmol, 73%) of 4. Green single crystals suit-
able for X-ray diffraction studies were obtained by slow evapora-
tion of the filtrate into the air. C3;gHygCu,F(5,N¢O,P, (1037.85):
caled. C 43.98, H 4.66, N 8.10; found C 44.11, H 5.03, N 7.81.
FD-MS (MeH): m/z (%) = 342 (100) [Cu(L)]*, 279/280 (10) [L1]*.
IR (KBr): v = 3326 v(N-H), 2929/2891/2820 v(C-H), 1645
v(C=N), 840 v(P-F), 757/694 5(C-H). UV/Vis (MeOH): Ay, [nm]
(e [M'em™]) = 296 (8.185), 384 (734), 656 (238). per = 0 B.M.

[Cuy(LY)2(OH),|(PFg), (5): A solution of [Cu(L')(CH;CN)JPFg
(0.40 g, 0.757 mmol) in CH,Cl, (15 mL) was cooled to —40 °C and
bubbled with O, for 15 min. After stirring the suspension for 1.5 h
at room temperature, the green precipitate was collected by fil-
tration, washed with CH»Cl, and dried at 100 °C in vacuo to yield
0.22 g (0.218 mmol; 58%) of 5. Green single crystals suitable for
X-ray diffraction studies were obtained by recrystallisation of the
green precipitate from acetone at —20 °C. C;sHyyCu,F,NgO,P,
(1009.80): calcd. C 42.82, H 4.21, N 8.17; found C 42.84, H 4.42,
N 8.50. FD-MS (MeH): m/z (%) = 343 (100) [Cu(LYH]*, 357 (10)
[Cu(LHO]*. IR (KBr): 3600 v(O-H), 3330 v(N-H), 3065 v(C-H),
2941 v(C-H), 1643 v(C=N), 1453 v (C-H), 842 v(P-F), 758/694
S8(C-H). UV/Vis (MeCN): Amax [nm] (¢ [M'em 1)) 236 (11.874),
262 (11.526), 334 (2293), 626 (80). pr = 0 B.M.

[Cuy(L?),CL5]PF¢2MeOH (6): To a solution of CuCly2H,O
(0.170 g, 1.00 mmol) and NH4PF (0.082 g, 0.50 mmol) in CH;CN
(20 mL) was added L2 (0.283 g, 1.00 mmol) in MeOH (10 mL). The
mixture was stirred for 30 min at room temperature. The resulting
blue precipitate was collected by filtration and recrystallised from
a mixture of CHCl; and MeOH to yield 0.160 g (0.162 mmol; 32 %)
of 6 as crystals, which were suitable for X-ray diffraction.
C36Hs50Cl3Cu,FgNgP (M = 977.21 g/mol): caled. C 45.75, H 5.33,
H 8.89; found C 45.80, H 6.07, N 9.01. FD-MS (CH3CN): m/z (%)
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=799 (53) [Cuy(L?),Cl5]*, 381 (100) [Cu(L?)CI]*", 284 (43) [L2]*".
IR (KBr): ¥ = 3278/3256/3183 v(N-H), 2953/2890 v(C-H ali-
phatic), 1454 6(C-H aliphatic), 840 v(P-F), 751/703 v(C-H aro-
matic). UV/Vis (MeOH, .. [nm] (¢ [M'cm™])): 298 (9.537), 660
(173). pegr (298 K) = 1.82 B.M.

Investigation of the Potential Hydroxylation Reaction of the Ligand:
A solution of [Cu(L')(CH;CN)IPFs (0.793 g, 1.50 mmol) in
CH,Cl, (20 mL) was bubbled with O, at —40 °C for 20 min and
warmed to room temperature. After stirring the green suspension
for 1.5 h, it was extracted five times into of a 2:1 mixture of NH;
(25%) and brine (30 mL). The combined aqueous phases were then
washed with CH,Cl, (50 mL). The combined organic phases were
dried with Na,SO, and the solvents evaporated to dryness. The
resulting brown oil was dried in vacuo to yield 65% of a mixture
of L' and the decomposition product benzaldehyde. This was ascer-
tained by 'H and '3C NMR spectroscopy and mass spectrometry.
In the IR spectrum, no absorption band for a potential O-H vi-
bration was observed.

Quantitative Investigation of H,O, Formation upon Oxidation: A
solution of L' (0.559 g 2.00mmol) and [Cu(CH;CN),PFg
(0.745 g, 2.00 mmol) in CH,Cl, (50 mL) was bubbled with O, for
Smin at —40°C. The resulting green solution was warmed to
-30°C and the reaction was quenched with HPFy (4.84 g,
20.00 mmol, 60%) in Et,O (10 mL). After warming to room tem-
perature, the suspension was stirred for 10 min. The brown precipi-
tate was collected by filtration and talen up in Et,O (10 mL). To
this solution was added a solution of KI (1.0 g) in H,O (25 mL)
and concentrated acetic acid (10 mL). After stirring the solution
for 20 min it was titrated with Na,S,05 solution (0.1 N) using a
freshly prepared starch solution as indicator to yield on average
7.8% H,0, (referring to 100% formation of the peroxido species).

Selected bond lengths [A] and angles [°] for 1 to 5 are given in
Tables 1, 2, 3, 4 and 5.

CCDC-720275 (for LY), -163359 (for 1), -720276 (for 2),
-720277 (for 3), -720278 (for 4), -720279 (for 5), contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Detailed crystallographic data of L! and complexes 1—
5.
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