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Two new Ar-BIAN Cu(i) complexes (where Ar-BIAN = bis(aryl-imino)acenaphthene) of formulations
[CuCly(Mes-BIAN)] (1) (Mes = 2,4,6-MesCgH,) and [CuCl,(Dipp-BIAN)] (2) (Dipp = 2,6-iPr,CgH3) were syn-
thesised by direct reaction of CuCl, suspended in dichloromethane with the respective ligands Mes-BIAN
(L1) and Dipp-BIAN (L2), dissolved in dichloromethane, under an argon atmosphere. Attempts to obtain
these compounds by solubilising CuCl, in methanol and adding a dichloromethane solution of the
corresponding ligand, under aerobic conditions, gave also compound 1, but, in the case of L2, the Cuf()
dimer [CuCl(Dipp-BIAN)], (3) was obtained instead of compound 2. The compounds were fully character-
ised by elemental analyses, MALDI-TOF mass spectrometry, FT-IR, *H NMR and EPR spectroscopic tech-
niques. The solid-state molecular structures of compounds 1-3 were determined by single crystal X-ray
diffraction, showing the expected chelation of the Ar-BIAN ligands and two chloride ligands completing
the coordination sphere of the Cu(i) centre. In the case of the complex 1, an intermediate coordination
geometry around the Cu(i) centre, between square planar and tetrahedral, was revealed, while the
complex 2 showed an almost square planar geometry. The structural differences and evaluation of ener-
getic changes were rationalised by DFT calculations. Analysis of the electrochemical behaviour
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of complexes 1-3 was performed by cyclic voltammetry and the experimental redox potentials for Cu(u)/
Cu(l) pairs have been compared with theoretical values calculated by DFT in the gas phase and in
dichloromethane and methanol solutions. The complex 1 exhibited good activity in the reverse atom

www.rsc.org/dalton transfer radical polymerisation (ATRP) of styrene.
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The design and synthesis of copper complexes is a subject of
current interest since they can be applied in a large variety of
metal-mediated transformations.”” One of the most important
applications is the Cu-mediated controlled/“living” radical
polymerisation. This type of polymerisation was independently
reported in 1995 by Matyjaszewski® and Sawamoto,* and has,
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since then, been the subject of many publications and
reviews.” ® Atom transfer radical polymerisation (ATRP) is suc-
cessfully mediated by a variety of transition metals, however
the copper complexes have been found to be the most versatile
and convenient catalytic systems for this process because of
the low cost of the copper source, their efficiency and the
possibility to fine-tune the stereo-electronic properties of
the copper complexes with a variety of suitable ligands.'®™?
The process can be started from Cu' complexes, often air- and
moisture-sensitive, together with a halogenated compound
(R-X) as an initiator, in the presence of a monomer (so-called
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ATRP conditions) or, on the other hand, it can be started
from a stable Cu" complex and a standard radical source,
in the presence of a monomer (so-called reverse ATRP
conditions).

a-Diimine ligands have been known since the Ilate
1960s">'* and have been extensively used due to their ability
to stabilise organometallic complexes.'® More recently, Elsevier
et al.*® described the synthesis and full characterisation of
rigid chelating bidentate ligands of the type Ar-BIAN (bis(aryl-
imino)acenaphthene) by condensation of the acenaphthen-
quinone with 2 equiv. of an appropriate aryl-amine. Using these
synthetic routes, we can easily vary the backbone and the aryl
substituent, enabling thus the modification of the steric and
electronic effects at the metal centre. A large number of late
transition metal complexes bearing o-diimine ligands have
been extensively employed in several catalytic reactions.'’ >
We have been engaged for the past few years in the synthesis
of a-diimine transition metal compounds.”*?* It is noteworthy
that Ar-BIAN ligands allowed the stabilisation of zinc(u) cat-
ionic alkyl complexes, highly active in the ring-opening poly-
merisation (ROP) of e-caprolactone.>® Furthermore, copper(1)*®
and copper(n)*’ complexes, bearing Ar-BIAN ligands, have
been reported by us and other authors; for instance Ar-BIAN-
based copper(i) complexes were shown to be active catalysts for
the copper(i)-catalysed azide-alkyne cycloaddition reaction
(CuAAC).”®

Herein, we describe the synthesis and full characterisation
of [CuCl,(Ar-BIAN)] complexes, where Ar = 2,4,6-Me;CgH, (1)
and 2,6-iPr,C¢H; (2), and rationalise their different reactivities
in the light of electrochemical and density functional theory
(DFT) studies. The combination of the neutral supporting
bidentate nitrogen ligand and halides (Cl) in the coordination
sphere of copper, as well as the facile change in the oxidation
state at the copper centre without decomposition, prompted
us to study the complexes [CuCl,(Ar-BIAN)] as catalysts for the
reverse ATRP of styrene.

Results and discussion

(a) Synthesis and characterisation

The ligands Mes-BIAN (L1) (Mes = 2,4,6-Me;CgH,) and Dipp-
BIAN (L2) (Dipp = 2,6-iPr,C¢Hj) were prepared as previously
reported.’® The Cu(u) complexes [CuCl,(Mes-BIAN)] (1) and
[CuCl,(Dipp-BIAN)] (2) could be obtained in good yields (about
90%) by treatment of a dichloromethane suspension of CuCl,
with a solution of the appropriate ligand in the same solvent,
at room temperature, under an inert atmosphere (Scheme 1,
method (@)). Complexes 1 and 2 were obtained as intense
coloured brown and green crystals, respectively, being moder-
ately soluble in chlorinated solvents and insoluble in Et,O or
pentane. Suitable crystals for X-ray diffraction studies were
obtained by slow diffusion of diethyl ether or pentane into
saturated dichloromethane solutions of 1 and 2, respectively.
The compounds have been fully characterised by elemental
analyses, MALDI-TOF-MS, FT-IR, '"H NMR and EPR spectro-
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Scheme 1 Synthesis of Cu(i) complexes 1 and 2 and the Cu(l) complex
3. Method (a): under an Ar atmosphere, L1 or L2 (1 equiv.), CuCl,
(1 equiv.), CH,Cl,, room temp., 12 h. Method (b): in air, L1 or L2
(1 equiv.), CuCl; (1 equiv.), CH,Cl,—MeOH, room temp., 2 h.

scopic techniques and single-crystal X-ray diffraction studies.
The expected structures of complexes 1 and 2 were confirmed
by X-ray crystallographic studies, and are discussed in the
X-ray diffraction subsection.

When the reaction was performed under aerobic con-
ditions, using methanol as the solvent to solubilise the copper(u)
precursor, different behaviours for the two reactions were
observed. While the reaction of a methanol solution of CuCl,
(5 mL) with a dichloromethane solution of L1 (15 mL) gave the
complex 1, stable in air, in similar yield to those described
above (Scheme 1, L1 method (b)), the reaction with a dichloro-
methane solution of L2 (15 mL) proceeded in a completely
different route (Scheme 1, L2 method (b)). In the first stage,
green crystals were formed (presumably of the complex 2),
which were left in the reaction mixture and, after 48 hours,
black crystals were isolated in nearly 45% yield. Single crystal
X-ray diffraction studies performed on the latter crystals
revealed the formation of the Cu(i) dimer [CuCl(Dipp-BIAN)],
(3), the product of a reduction process. This reduction reac-
tion, occurring under aerobic conditions, is likely due to
methanol acting as a reducing agent. In fact, Cu(u) complexes
have been extensively used in the catalytic aerobic oxidation of
alcohols.?® The structure of compound 3 is isomorphic to
those recently reported by us**” and other authors,*® which
were obtained by different routes, namely by treatment of
CuCl, a Cu(i) precursor, with L2. Attempts to rationalise the
factors responsible for the structural differences between com-
plexes 1 and 2, as well as their different behaviour in the pres-
ence of MeOH under aerobic conditions, ie. reduction of 2 to
the Cu(r) dimer 3, led us to perform electrochemical studies

This journal is © The Royal Society of Chemistry 2014
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Table 1 Molar magnetic susceptibilities and the number of unpaired
electrons of complexes 1 and 2, obtained by the Evans method

Mass® TMS

Number of unpaired
Complex (mg)  shift’ (Hz) »°(m®mol™)

electrons? (calc.)

1.86 x 107 1.3
0.98 x 1073 0.9

1 6.0 59.87
2 8.5 30.27

“The mass of the compound (mg) dissolved in 500 pL CD,Cl,. ” The
TMS frequency shift in a 9.4 T magnetic field (Hz). “ Molar magnetic
susceptibility (y) (m® mol™). “The calculated number of unpaired
electrons.

and DFT calculations, in order to compare them with the
experimental results (see subsections below).

Experimental and simulated MALDI-TOF mass spectra can
be found in ESI (Fig. S1-S47). For both complexes 1 and 2, the
molecular ion peaks are absent, but the fragments [M — CIJ',
m/z = 514.11 (1) and m/z = 598.19 (2) were found, their isotopic
pattern being in perfect agreement with the corresponding
simulated spectra. The major peak present in the spectrum of
the complex 1 corresponds to the ligand fragment [L1 — CH;]"
(m/z = 401.21). This fragmentation is quite uncommon for this
ligand and was also found in the complex 2 with the loss of an
iPr group, resulting in the presence of the [L2 — iPr]" (m/z =
457.24) fragment. For the complex 3, the molecular ion was
also absent, the fragment [M — CI]', m/z = 1161.39 being
found and fitting well with the simulated one.

The FT-IR spectra of complexes 1 and 2 showed absorption
bands at v = 1660, 1638 cm™" (1) and v = 1666, 1636 cm ™" (2),
attributed to the (C=N) vibrations. In the Far-IR region,
absorption bands at v = 524, 357, 323 cm™" for 1 and v = 526,
355, 321 cm™* for 2 attributed to the Cu-Cl vibrations were
observed.

The 'H NMR spectra of Cu(m) complexes 1 and 2 show
broad resonances between 10 and 18 ppm (see Fig. S5 in ESIT),
which are due to the paramagnetism of both compounds.
Molar magnetic susceptibility measurements were carried out
by the Evans method (see the Experimental section), leading
to the expected number of unpaired electrons for these Cu(u)
complexes (Table 1).

(b) EPR spectroscopy

The EPR spectra of polycrystalline samples of 1 and 2 (Fig. 1A
and C, respectively) as well as those of a frozen CH,Cl, solu-
tion of 1 (Fig. 1B) were recorded. No significant differences
were observed in the line shapes of the powdered samples in
the range 4-298 K.

The EPR spectrum of polycrystalline powder of 1 shows a
quasi-axial symmetry (Table 2 and Fig. 1A). The EPR para-
meters observed in the powder sample are different from
those observed in the frozen CH,Cl, solution (Table 2). The
EPR spectrum of the frozen solution of 1 (Fig. 1B) also shows a
nearly-axial symmetry but with g > g,. The g-values predicted
through DFT calculations, in which the crystal packing is not
present but the tetrahedral distortion was taken into account,
also yielded g > g.. This might indicate that the g-values

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 EPR spectra of polycrystalline samples of 1 (A) and 2 (C), and

frozen CH,Cl, solution of 1 (B). Experimental spectra are plotted as
black lines and simulations are overlaid as grey dashed lines.
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Table 2 Computational and experimental EPR parameters obtained
from computer simulation of experimental data using Simfonia v.1.25.
Values between parentheses are the linewidths in Gauss. The shape
parameter Lorentzian/Gaussian for powder samples and the CH,Cl,
solution were 0.1 and 1, respectively. The g-values obtained from DFT
calculations are also reported for comparison

o o 23 A; (Gauss)
1 Powder  2.130(120)  2.125(90)  2.051(30) —
Solution  2.265 (35) 2.059 (40)  2.037 (40) 57
DFT 2.134 2.043 2.042 —
2 Powder  2.225(150)  2.059(55)  2.053(20) —
DFT 2.126 2.041 2.040 —

observed in the polycrystalline powder are the average of non-
equivalent copper ions resulting from exchange interactions
between monomers within the crystal.

On the other hand, the experimental EPR spectrum of a
polycrystalline powder of 2 as well as the one predicted
through DFT calculations show nearly-axial symmetry with gj >
g1, which is usually observed in Cu(u) ions having a tetra-
coordinated planar geometry, and is therefore consistent with
the square-planar geometry around the Cu(u) centre revealed
in the solid-state structure of 2 (see below). The hyperfine
structure produced by the Cu(u) nucleus (I = 3/2) was not
observed in the powder samples presumably because it is
collapsed by exchange interactions between Cu(u) ions from
neighbouring monomers.

(¢) X-ray diffraction

The expected structures of both dichloride copper complexes 1
and 2 could be unambiguously confirmed by single crystal
X-ray diffraction analyses (Fig. 2). The structures reveal a dis-
torted square planar coordination geometry around the copper
centre in 1 (Fig. 2A), while that of 2 is closer to square-

Dalton Trans., 2014, 43, 13041-13054 | 13043
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Fig. 2 Views of the molecular structures of 1:OEt, (A) and 2-CH,Cl, (B) and their respective packings (C) and (D). Hydrogen atoms and solvent
molecules omitted for clarity. Selected bond lengths (A) and angles (°) for (1-OEt,): Cu—N1 2.047(4); Cu—N2 2.049(4); Cu—Cl1 2.2001(13); Cu-CI2
2.1997(13); C1-N1 1.281(6); C5-N2 1.272(6); Cl1-Cu—-Cl2 96.36(5); N1-Cu—N2 81.26(15); and for (2-CH,Cl;): Cu—N1 2.045(2); Cu—N2 2.058(2); Cu-
Cl1 2.2051(10); Cu—Cl2 2.1961(11); C1-N1 1.287(4); C2—-N2 1.285(4); Cl1-Cu—Cl2 95.67(4); N1-Cu—N2 81.14(9).

planarity (Fig. 2B). These structural differences could be illus-
trated by views along the a- and c-axes of the molecular
packing of 1-OEt, and 2-CH,Cl,, respectively (Fig. 2C and D).

The deviation angle of the regular square planar geometry
could be obtained by measuring the angle between the N1-
Cu-N2 and Cl1-Cu-Cl2 planes, which was found to be 23.67°
for 1 and 1.54° for 2. This fact was initially attributed to the
bulkier ortho-substituents on the N-aryl groups of ligand L2
compared to L1. We can observe that no significant intra- or
intermolecular interaction can rationalise this structural differ-
ence (Fig. 2C and D). The representative C=N, N-Cu and Cu-
Cl bond lengths of complexes 1 and 2 are in the range of those
found in other tetracoordinated bis-imine dichloride copper
complexes (1.28 < C=N < 1.40; 1.97 < N-Cu < 2.06; 2.19 < Cu-
Cl < 2.25).*"* A more detailed structural analysis of these
examples, composed of square planar®’ and tetrahedral dis-
torted®" [(N-Cu-N)-(Cl-Cu-Cl) angle = 46-65°] geometries,
does not confirm our initial guess. In fact, within these
examples, some of them contain N-aryl groups with bulky
ortho-substituents and exhibit a distorted geometry and vice
versa. To obtain a better insight, the steric and/or the elec-
tronic contribution of the ligands to the Cu coordination geo-
metry in 1 and 2, theoretical investigations were performed
(see below). The solid-state structure of complexes 1 and 2
illustrate the good steric protection provided by the N-aryl
BIAN ligands, preventing the formation of dimeric structures,
by the chloro-bridged ligand, as often seen in the literature.*?
The protection of the copper centre could be a key point for
the stabilisation of the catalytically active Cu(r) radical species
in the reverse ATRP reaction.

Attempts to obtain 2 by the synthetic method B under
aerobic conditions led to the formation of black crystals of a

13044 | Dalton Trans., 2014, 43, 13041-13054

Fig. 3 View of the molecular structure of 3. Hydrogen atoms omitted
for clarity. Selected bond lengths (A) and angles (°): Cu-N1 2.088(2);
Cu-N2 2.091(2); Cu-Cl 2.2752(11); Cu-Cl' 2.2935(8); C1-N1 1.288(3);
C12-N2 1.287(3); Cl-Cu—-Cl' 105.90(4); N1-Cu—N2 81.15(10).

centrosymmetric chloro-bridged copper(i) dimer 3. Halide-
bridged copper(1) dimers can also be synthesised by direct and
stoichiometric reaction of the respective copper(i) salt with the
Ar-BIAN ligand.*®”?° The molecular structure of 3 (Fig. 3)
reveals a slightly distorted tetrahedral coordination geometry
around the metal. The bite angle of the ligand (N1-Cu-N2) lies
in the classical range of values (~81°) and the angle between
the planes (N1-Cu-N2)-(Cl1-Cu-Cl1') of 84.1° is close to the
expected 90°. The Cu-Cl bonds in the complex 3 are slightly
longer than in the case of the monomeric structures of 1 and
2, due to the shared electronic density between the two copper
centres. The reduction of the copper centre from +2 to
+1, instead of the presence of a delocalized electron in a

This journal is © The Royal Society of Chemistry 2014
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Table 3 Reduction peak potentials measured for complexes 1 and 2 in CH,Cl, and MeOH. All potentials given in volts vs. Fc*/Fc redox couple and

vs. SHE
vs. Fc'/Fe (internal standard) vs. SHE
CH,Cl, MeOH CH,Cl, MeOH
Complex Exi() EF4 (1) ExY (E59) EF4() Epd (1) ERY (B9
1 -0.26 -1.98 —0.05 (0.05) 0.49 —-1.24 0.59 (0.69)
2 -0.30 -1.99 —0.04 (0.06) 0.44 -1.25 0.61 (0.70)
“charged” BIAN ligand, is verified by the diamagnetic nature 0.008 004
of the complex 3 (see the Experimental section), and classical 0.006 1 a)
bond lengths and angles within the ligand and between the
ligand and the metal for a bis-imine copper(i) chloride 0.004
complex.’”** These facts, as well as the relative inertia of the 0.002
complex 1 compared to 2 towards air-mediated reduction of T 9
copper(u) to (1), can be rationalised by the electron density *'_E‘OOOZ
calculations performed on these systems (see below). -
-0.004
(d) Electrochemistry -0.008
We have recently reported the electrochemical behaviour of a -0.008
series of copper(1) complexes similar to the ones presented in -0.01
this study.”®* In particular, the mono-chelated complexes of 0.012 -0.06
the type [Cu(Ar-BIAN)L,|BF, (where Ar = 2,6-iPr,C¢Hs, L = 0 05 1 15
E (V) vs. SHE

NCPh or NCMe) featured two redox processes, a partially
reversible oxidation and an irreversible reduction, which were
assigned to the Cu(u)/Cu(r) and Cu(i)/Cu(0) redox couples,
respectively. Herein, the copper complexes in the oxidation
state +2, bearing Ar-BIAN ligands and two chlorides (1 and 2),
were studied in two different solvents, CH,Cl, and MeOH, in
order to gain a better insight into the different reactivities
observed for complexes 1 and 2, and the formation of 3 (see
the Synthesis and characterisation section). The electrochemi-
cal behaviour now reported for 1 and 2, in CH,Cl,, bears simi-
larities to the above mentioned complexes. Both compounds
undergo a reduction process that is irreversible in all the scan
rates studied (from 50 mV s™" up to 800 mV s'), occurring at
a peak potential of 0.49 V and 0.44 V vs. SHE for 1 and 2
(Fig. S6a in ESIt), respectively, as shown in Table 3 and exem-
plified in Fig. 4 for 2, in agreement with a Cu(u) — Cu(i)
reduction process.

A further reduction wave is observed at a much lower poten-
tial (around —1.2 V for both 1 and 2). However, it falls in the
limits of the potential window available with this electrolyte
solution ([NBuy][BF,] in CH,Cl,), thus being difficult to be
accurately measured, but which can be tentatively assigned to
the Cu(1)/Cu(0) redox couple of the product of the first
reduction.

No oxidation processes were observed for these complexes
within the potential range covered. However, as a consequence
of the reduction process, an oxidation wave around 1.09 V and
1.22 V vs. SHE was observed for 1 and 2 respectively, albeit
clearer in the case of 2 (see Fig. 4), showing the formation of
an electroactive species generated upon a chemical reaction
following the above mentioned reduction. It can also be

This journal is © The Royal Society of Chemistry 2014

Fig. 4 Cyclic voltammograms of 2 (solid line) and 3 (dotted line) in
CH,Cl; at a Pt working electrode. Potentials measured vs. SHE at a scan
rate of 200 mV s7%,

observed that the chemical reaction is slower for 1 than in the
case of 2, because a small reversibility for the reduction peak
is still observed in the first case. Based on the intensity ratio of
the anodic/cathodic peaks, this species can be assigned to a
dimer [CuCl(Ar-BIAN)],, generated by the dimerisation of
[CuCl(Ar-BIAN)] formed upon abstraction of a chloride from
the anionic complex [CuCl,(Ar-BIAN)|”, whose formation is
discussed in the theoretical calculations (see the next section).
To check this hypothesis, the redox behaviour of 3 was studied
in the same electrolyte solution. This compound exhibits a
single irreversible oxidation wave at 1.21 V vs. SHE (Fig. 4 or
Fig. S7a in ESI}), consistent with the potential measured for
the oxidation wave described above, which was observed after
the reduction of 2, at 1.22 V vs. SHE.

The potentials for the two redox couples are significantly
lower (about 0.6 V for the Cu(u)/Cu(i) and 0.8 V for the Cu(i)/
Cu(0)) than those observed previously.”®® These reported com-
pounds are of the [Cu(Ar-BIAN)L,|BF, type, and differ from the
present [Cu(Ar-BIAN)Cl,] complexes in their cationic nature
and from the fact that two chlorides replace the two aceto-
nitrile or benzonitrile ligands. The shift in potential towards
more negative values is expected since the chloride ligand has
a significantly stronger net electron-donor character than
NCMe or NCPh. There are a number of different ligand para-
meters that can be used to quantify this net-electron donor

Dalton Trans., 2014, 43, 13041-13054 | 13045
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Fig. 5 Reduction peak potentials in CH,Cl, for [CuCl,(Ar-BIAN)] (2) and
[Cu(Ar-BIAN)L,IBF, (where L = NCPh or NCMe)?®® vs. Lever's ligand
parameter (EL).

capability of the ligands,*® such as Pickett’s Ligand Parameter
(P),%® Lever’s parameter (EL)*” or the more recently proposed
IRp(L).*® As it can be seen for the case of EL (Fig. 5), the value
of the ligand parameter increases with the increase in the
potential of the Cu(u)/Cu(i) redox couple.

The fact that the Cu(u)/Cu(r) redox couple is significantly
higher in the case of [Cu(Ar-BIAN)L,|BF, complexes than the
analogous 1 and 2 shows that they are more stabilised in the
Cu(1) oxidation state, as referred in previous work,*®® in opposi-
tion to 1 and 2, which are more stable in a higher Cu(u) oxi-
dation state.

In MeOH, both complexes 1 and 2 undergo a quasi-revers-
ible reduction process at 200 mV s, at Effd =0.59 Vand Elrfd =
0.61 V vs. SHE for 1 and 2 respectively, as shown in Table 3
and Fig. S6b in ESL{ Opposite to what was observed in
CH,Cl,, the formation of the dimeric species upon reduction
of 1 or 2 was not detected in this solvent, according to the
reversible character of their cathodic processes. The dimer 3
was also studied in MeOH, its redox behaviour consisting of a
single quasi-reversible oxidation wave at 0.90 V vs. SHE
(Fig. S7b in ESI¥).

The reduction processes Cu(u)/Cu(i) for 1 and 2 occur in
MeOH at higher potentials than in CH,Cl,, showing that these
complexes are easier to reduce in methanol, in accordance
with the theoretical calculations (see the next section). Like-
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wise, the oxidation of the dimer 3 occurs at a higher potential
in CH,Cl, than in MeOH, showing that it is easier to oxidise in
the latter solvent.

In both solvents the reduction potential is almost
unaffected by the substituent on the aryl ring (Mes or Dipp)
(Table 3), as expected, taking into account the similarities of
the ligands, and in agreement with the results obtained in the
theoretical calculations (see the next section).

Since the reduction process seems to be reversible in
MeOH, it is reasonable to compare the experimental reduction
potential of the redox pair [CuCl,(Ar-BIAN)]/[CuCl,(Ar-BIAN)]|~
with that calculated by DFT and presented in Table 6 (next
section). Although the values do not match exactly, the order
of magnitude is reasonably comparable, which is probably
what would be expected in view of the different approxi-
mations both at the experimental and theoretical levels. The
values for the potentials in CH,Cl, are quite different since the
theoretical calculations indicate that redox potentials should
be around 0.3 V lower than those in MeOH, while experi-
mentally we only observe a decrease of around 0.10 V and
0.17 V for 1 and 2, respectively. However, we note that the
difference in the potentials measured vs. the internal standard
in MeOH and CH,CI, is much closer to the calculated one
(around 0.3 V) and this is partially attributed to the values for
the (Fc™’°) redox couple in the two solvents, as found in the
literature.®

(e) Theoretical calculations

We have performed theoretical calculations in order to analyse
the different chemical behaviour observed for complexes 1 and
2. We have evaluated the molecular trends observed for [Cu(u)-
(Ar-BIAN)] complexes, the thermodynamics of [Cu(1)(Ar-BIAN)]
complexes in solution, and finally performed an estimation of
their reduction potentials. This study was carried out with the
Ar-BIAN ligand having the following aryl groups: Ph, Mes (i.e.
complex 1) and Dipp (i.e. complex 2).

Molecular geometries. The molecular geometry of com-
plexes [CuCl,(Ar-BIAN)] (Ar = Ph, Mes, Dipp) has been opti-
mised, their main geometrical parameters are shown in
Table 4. In general, bond distances for theoretical and experi-
mental geometries are in agreement, and only a slight
lengthening of the Cu-N bonds can be found. In all cases, the
Ar-BIAN acts as a bidentate ligand, forming a planar five-mem-
bered MN,C, chelate ring. As expected for tetracoordinated

Table 4 Main structural parameters calculated for optimised geometries of [CuCl,(Ar-BIAN)] complexes for Ar = Ph, Mes, Dipp, and the corres-

ponding experimental data for complexes 1 and 2

Cu-Cl Cu-N Cl-Cu—Cl N-Cu-N 7 o Ssp” O
Ph¢ 2.239 2.149 104.1 78.6 129.8 50.8 10.0 10.0
Mes® 2.244 2.142 105.0 79.4 103.7 50.2 10.2 9.7
14 2.200 2.048 96.4 81.3 93.3 23.7 2.6 20.9
Dipp* 2.252 2.154 98.4 78.7 103.8 29.9 3.4 19.2
29 2.201 2.051 95.7 81.1 92.0 1.5 0.5 33.2

“Angles are defined in the text below and in Fig. 6. ” Continuous shape measures from the ideal square-planar (Ssp) or tetrahedral (Stgr)

geometries. ¢ Theoretical values. ¢ Experimental values.
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Fig. 6 Views of the optimised geometries of complexes (a) [CuCl(Mes-BIAN)] and (b) [CuCl,(Dipp-BIAN)] (top). Definition of the angles @ and r for

structural comparisons (bottom).

Cu(n) centres, the geometry around the metal can be rational-
ised as square-planar, tetrahedral or intermediate.*’

To analyse the conformation of [CuCl,(Ar-BIAN)] complexes,
we defined the angle o (Fig. 6, bottom) that measures the rela-
tive orientation between the CuN, and CuCl, planes. By defi-
nition, for a perfect square-planar coordination @ = 0°,
whereas for a tetrahedral one w = 90°. The optimised geome-
tries for Ph and Mes present values of w around 50°, and con-
tinuous shape measures, Sgp and Spgr (continuous shape
measures quantify deviations from ideal polyhedra®"), exhibit
high values (~10) that do not allow to classify the geometries
as square-planar or tetrahedral (the generalised coordinate
between both polyhedra determines that the geometry is situ-
ated at 52% from the former).”” The angle w for Dipp
decreases to 30°, and the value of Sgp = 3.4 assigns a square-
planar coordination to the copper centre. The experimental
values are 24 and 2° for complexes 1 and 2, respectively, and
the lowest Sgp values are indicative of the square-planar
environment in both cases. A clear disagreement between
calculated and experimental data is present, but a lower value
is always found for the bulkier Dipp aryl group, meaning a geo-
metry closer to square-planar. However, important information
can be obtained from a search in the CSD database for cis-
{Cu"CI,N,} cores, revealing that 244 fragments do not present
a clear preference for this geometry.

To understand the influence of the angle  on the behav-
iour of complexes 1 and 2, partial optimisations of their struc-
tures were performed while varying this angle. The changes in
the relative energies are shown in Fig. 7, indicating small
energy variations. However, two trends can be distinguished:
while relative energy minima of ~2.1 and ~1.7 kcal mol™" were
found for w =~ 51° and 50° for [CuCl,(Ph-BIAN)] and
[CuCl,(Mes-BIAN)]| derivatives, respectively, for the complex
[CuCl,(Dipp-BIAN)] a dramatic decrease in the relative energy
minimum to only 0.16 kcal mol™" is observed for w = 30° (very
close to a perfect square-planar geometry). For the two first

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Relative energy (in kcal mol™) as a function of angle » in com-
plexes of the type [CuCl,(Ar-BIAN)] for the cases where aryl groups are:
(a) Ph, (b) Mes, and (c) Dipp. Zero values were assigned to the square-
planar conformations, o = 0°.

cases (Ph and Mes), and consistent with the values found
experimentally (w ~ 24° for 1), structures with intermediate
coordination geometry (between square-planar and tetra-
hedral) can be anticipated, for which values between 20° and
80° are available in the literature.*® This is in agreement with
the general trends observed, where the square-planar geometry
is preferred over the tetrahedral one.*® This observation also
reveals that the methyl groups present in the Mes-ring have
only a slight influence on the geometry, whereas the Dipp
derivative can only access a square-planar geometry but not a
tetrahedral one.

Depending on the molecular geometry of a d° ion, the
orbital containing the unpaired electron will be located in a
dy._). orbital having the oc-antibonding character (square-
planar) or in a less bonding orbital (¢, orbitals contribute to
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the m/c* character in a tetrahedral complex).*” Taking into
account the influence of the angle w on the molecular geome-
try of these complexes, we propose that the complex [CuCl,-
(Dipp-BIAN)] is closer to a square-planar environment around
the copper centre than [CuCl,(Mes-BIAN)] and, consequently,
the reactivity of the former complex can be affected.

Similarly, the angle r (Fig. 6, bottom) was defined as a
measure of the relative orientation of the acenaphthylene back-
bone in relation to the phenyl rings in the Cu(u) complexes.>*
In the unsubstituted Ph-BIAN derivative, 7 has a value of about
130°, being always larger than 115° when o is modified.**
However, it changes to 103° for ortho-substituted aryls that
present a CH group (e.g. Me = CHj, iPr = CH(CH3;),), like in the
case of Mes- or Dipp-BIAN, as previously reported.>** The ana-
lysis of the molecular geometries put in evidence that the pres-
ence of short H---Cl distances (3.01 for Me, 2.89 and 3.21 A for
iPr groups) is responsible for the increase of perpendicularity
between both groups (for example, 7 & 90° when o is fixed to
0°), as also found in experimental structures.*’

Reduction to Cu(i). To understand the redox behaviour of
the [CuCl,(Ar-BIAN)] complexes, the following possible
reduced Cu(1) complexes and their relative stability were con-
sidered (Fig. 8, Table 5): (@) the anionic [CuCl,(Ar-BIAN)]™, in
which an electron was added to the analogous Cu(u) com-
pound, (b) [CuCl(Ar-BIAN)], where a chloride was abstracted
from the anionic complex, and (c¢) [CuCl(Ar-BIAN)],, generated
by the dimerisation of the latter species. Their relative energies
(calculated per copper atom) are shown in Table 5, and coordi-
nates for optimised geometries are available in ESI (Table S37).

These calculations revealed that the monomeric tetracoordi-
nated [CuCl,(Ar-BIAN)]™ species (Fig. 8 (a)) remains always the
most stable Cu(i) species, even in dichloromethane and metha-
nol (Table 5). The Cu-N and Cu-Cl distances increase with the
reduction from Cu(u) to Cu(1) and the geometry around copper
is now tetrahedral, which is the one preferred for a d*° ion (the
continuous shape measures in our compounds are less than
3.9),% with phenyl rings nearly perpendicular to the ace-
naphthylene backbone.*** Similar trends are observed for the
angle 7 and also for their Cu(u) analogues.”®® However, a
search in the CSD database revealed that no crystal structures
having cis-{Cu'CI,N,}~ cores have been reported to date.

Alternatively, a species such as [CuCl(Ar-BIAN)], in which a
chloride anion was removed from the former [CuCl,(Ar-
BIAN)]7, can be considered. In this case, the Cu-Cl distance is
shorter than that of the related anion, but the remarkable
point of the geometry is the asymmetry of the Cu-N bonds,
resulting in an intermediate coordination number between
three and two.”** When considering the {CuCIN,} core, the
geometry around copper(r) is nearly planar (sum of angles is
larger than 356° for all complexes) and a slight bent across
N---N is observed (lower than 17°). However, the continuous
shape measures show that a linear description (Sy;y < 2.5) is
better than a trigonal one (Spg; &~ 6-7). The energy balance is
not strongly affected by the nature of the solvent (CH,Cl, or
MeOH), and was estimated to be about 7 and 3 kcal mol™" for
Mes and Dipp groups, respectively (Table 5). Although the
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Fig. 8 Molecular structures of Cu() complexes: (a) [CuCly(Ar-BIAN)I-,
(b) [CuCl(Ar-BIAN)], and (c) [CuCl(Ar-BIAN)I,.

Table 5 Relative stability per copper (kcal mol™) for Cu(l) complexes in
the gas phase and in CH,Cl, and MeOH solutions. Arbitrary reference is
taken from anionic [CuCl,(Ar-BIAN)]™

[CuCl,- [Cucl- 1/2 [CuCl-
Ar Medium (Ar-BIAN)|™ (Ar-BIAN)] (Ar-BIAN)],
Ph Gas phase 0.0 +29.1 +19.8
CH,Cl, 0.0 +8.0 +3.3
MeOH 0.0 +7.6 +3.2
Mes Gas phase 0.0 +32.8 +22.0
CH,Cl, 0.0 +7.3 +3.1
MeOH 0.0 +6.7 +2.8
Dipp Gas phase 0.0 +32.0 +22.6
CH,C, 0.0 +3.7 +1.3
MeOH 0.0 +3.0 +1.1
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change associated with the loss of a chloride is not favoured in
both cases, it can be more accessible to the Dipp- than to the
Mes-BIAN derivative, as experimentally found. Moreover, our
results are in agreement with a higher stability of tetracoordi-
nated copper(1) species in comparison with tricoordinated
ones.*” Despite the fact that 42 entries were found in the CSD
database having structurally characterised tricoordinated
{CU'CIN,} cores, we propose that the former [CuCl,(Ar-BIAN)]~
complex is a kinetically favoured product, but not a thermo-
dynamically favoured one.

Since the tricoordinated Cu(i) species is coordinatively
unsaturated, we analysed the formation of (half) binuclear
[CuCl(Ar-BIAN)], having a {Cu,Cl,} core and a tetrahedral
metal centre (Stgr < 4.2). This unit is planar, with larger Cu-Cl
bridging distances, although Cu-N lengths are similar when
compared to other compounds. The angles w determined are
larger than 78°, in agreement with the 32 entries found in the
CSD (where @ > 76°). Similar trends for the 7 angles are
observed to that for the mononuclear complexes, and dis-
tances between aryl groups are larger than 5.5 A, discarding
any n-m stacking interactions. The low Cu---Cu distances
across the diamond could be considered as short, and they
were previously analysed by structural and molecular orbital
analysis.*> However, the most important result is the difference
of relative energies between the anionic complex [CuCl,(Ar-
BIAN)]™ and 1/2[CuCl(Ar-BIAN)],, which was found to be less
stable by only ~1 kcal mol™ in the case of the Dipp derivative,
whereas it increases to 3 kcal mol™" in the Mes one.

Redox potentials. By simulating the reduction process, we
evaluated the redox potentials for Cu(u)/Cu(1) pairs (Table 6).
They were estimated from free energies in solution and refer-
enced to the standard hydrogen electrode (SHE). The reference
value for methanol is reported by IUPAC, whereas that for
dichloromethane had to be deduced, giving less accurate
values (see the Computational details section). Consequently,
we are aware that values in CH,Cl, have larger uncertainties.
At first sight, our calculations revealed an important effect of
the solvent in the reduction process, with differences larger
than 0.30 V between dichloromethane and methanol. While
the influence of the solvent on the redox potential is theoreti-
cally overestimated, the trend of the values obtained is
however well reproduced. Since the Cu(u)/Cu(r) potential
increases clearly from dichloromethane to methanol, Cu(u)
complexes become more oxidant in methanol solution, thus
facilitating their reduction to Cu().

Table 6 Calculated potentials (in V) from SHE for the Cu(i)/Cuf()
reduction pair in dichloromethane and methanol

E° (V) [CuCl,-
(Ar-BIAN)]/
[CuCl,(Ar-BIAN)]~

E° (V) [CuCl,-
(Ar-BIAN)]/
[CuCI(Ar-BIAN)],

Ar CH,Cl, MeOH CH,Cl, MeOH
Mes 0.16 0.47 0.08 0.41
Dipp 0.13 0.44 0.04 0.36

This journal is © The Royal Society of Chemistry 2014
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In Table 6 one can notice differences of ca. 0.1 V between
the [CuCl,(Ar-BIAN)]/[CuCl,(Ar-BIAN)|™ and [CuCl,(Ar-BIAN)]/
[CuCl(Ar-BIAN)], pairs in each of the solvents. These differ-
ences are caused by the relative stability of Cu(i) complexes.
Since the anion [CuCl,(Ar-BIAN)]” is more stable than the
binuclear [CuCl(Ar-BIAN)],, the participation of the former
complex in the couple increases the reduction potential.
However, the small differences observed indicate that the
reduced species practically has no effect on the electrochemi-
cal properties of our systems. Additionally, the influence of the
substituents on the aryl ring is negligible (<0.05 V) between
Mes and Dipp. These results suggest that the experimental be-
haviour will be determined by the relative stability of the Cu(i)
species together with the solvent effect.

(f) Metal-mediated radical polymerisation

Both complexes 1 and 2 have been tested in metal-mediated
radical polymerisation of styrene under reverse-ATRP con-
ditions. The experiments were carried out using the conven-
tional 2,2'-azobisisobutyronitrile (AIBN) free radical initiator,
which is one of the safer and less expensive commercial
initiators.

In a preliminary reaction, complexes 1 and 2 were com-
pared under the same reaction conditions, i.e. [styrene]/[Cu]/
[AIBN] = 200/1/0.8, in toluene (50% v/v), at 80 °C. After 45 h
reaction, the complex 1 yielded 81% of polystyrene with a M,
value slightly higher than the expected one (Mycpc) = 22 900 g
mol™!, Mprheo)y = 16872 g mol™", PDI = 2.32). The latter
sample of polystyrene was studied by 'H and *C NMR
(Fig. S8-S10 in ESIt), and a triad sequence analysis was per-
formed, revealing a microstructure typical of a completely
atactic polymer: mm = 0.16, mr = 0.69 and rr = 0.15; P, = 0.50.
The complex 2 was found to be less active (67% conversion
after 48 h), and did not lead to a better controlled polymeriz-
ation reaction, as determined by the mass properties of the
final polymer (MyGpc) = 26 000 g mol™", Myheo) = 13956 g
mol ™, PDI = 2.15). This fact and the tendency of the Cu™ com-
pound 2 to be reduced to the dimeric Cu' complex 3 in air con-
strained us to focus our investigations on the controlled
character of the polymerisation reaction only for the
complex 1.

A clearly linear first-order kinetic plot obtained in the poly-
merisation reaction mediated by the complex 1 (Fig. 9, and
Table S1 in ESIt) indicates a constant radical concentration in
solution, in agreement with the reverse-ATRP mechanism. The
controlled character of the polymerisation process is high-
lighted by the linear increase of the number-average molecular
weight (M,) and a nearly constant polydispersity index (PDI =
2.2-2.4) (Fig. 10 and Table S1 in ESI{). The experimental M,, of
the polystyrene produced is slightly higher than the theoretical
one (Fig. 10). An attempt to better control the polystyrene M,
by running the reaction in a more diluted medium (styrene-
toluene 1 : 3) was unsuccessful.

In summary, using the common radical initiator AIBN,
the air-stable Cu" complex 1 containing the ligand (2,4,6-
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Fig. 9 First-order kinetic plot for the reverse-ATRP of styrene using the
complex 1. Conditions: [styrene]/[Cu]/[AIBN] = 200/1/0.8, toluene (50%
v/v), 80 °C.
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Fig. 10 Experimental (triangles and dashed line) and theoretical
(squares and plain line) dependence of M, of the synthesized poly-
styrene on monomer conversion (%). Conditions: [styrenel/[Cul/[AIBN] =
200/1/0.8, toluene (50% v/v), 80 °C.

Me;CgH,)-BIAN was found to mediate the polymerisation of
styrene in a controlled manner, under mild conditions.

Conclusions

Two new Ar-BIAN Cu(u) complexes [CuCl,(Mes-BIAN)] (1) and
[CuCl,(Dipp-BIAN)] (2) were synthesised and fully character-
ised by several techniques including X-ray crystallography. Their
solid-state molecular structures showed different geometries
around the copper atom. Density functional theory calculations
showed that oxidised copper(u) complexes favour intermediate
geometries between square-planar and tetrahedral, but the
bulkier isopropyl groups, in agreement with the experimental
results, favour the former geometry, whereas reduced copper(r)
prefers the tetrahedral environment. The determination of the
reduction potentials by cyclic voltammetry allowed us to identify
the influence of dichloromethane and methanol solvents,
explaining the different experimental behaviours observed for
compounds 1 and 2 in methanol, which was corroborated by
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the DFT calculations. The complex 1 was found to mediate the
polymerisation of styrene in a controlled manner, under mild
conditions, using the common radical initiator AIBN (under
reverse-ATRP conditions).

Experimental
General procedures and materials

All reactions and manipulations of solutions were performed
under an argon atmosphere using Schlenk techniques, except
where stated. Solvents were of reagent grade and were dried
according to literature methods, distilled and stored under
argon. Ligands L1 and L2 were prepared according to the
literature.®

Elemental analyses were performed at the Analytical
Services of the Laboratory of REQUIMTE-Departamento de
Quimica, Universidade Nova de Lisboa, on a Thermo Finni-
gan-CE Flash-EA 1112-CHNS instrument. Infrared spectra were
recorded in the region 4000-100 cm™" on a Nicolet 6700 FT-IR
spectrometer (ATR mode, SMART ORBIT accessory, Diamond
crystal). Gas chromatography (GC) analyses were performed
on a KoniK HRGC 4000 B using a DB-Wax column (30 m,
0.25 mm ID, 0.25 pm Film).

Gel permeation chromatography (GPC/SEC) analyses were
performed at 35 °C on a Shimadzu LC20AD ultra-fast liquid
chromatograph equipped with a Shimadzu RID10A refracto-
meter detector. A Varian PLgel pre-column and two Varian
PLgel 5 pm MIXED-C columns were used in series. HPLC-
grade THF was used as the eluent, at a flow rate of 1.0 mL
min~'. Calibrations were performed using polystyrene stan-
dards (400-100 000 g mol ™).

The AIBN solution (0.2 M in toluene) and styrene were
purchased from Sigma-Aldrich. Styrene was dried over CaH,,
distilled and stored under argon before use.

Syntheses of complexes

Method A. The following procedure was adopted: a suspen-
sion of CuCl, in CH,Cl, (5 mL) was treated with the corres-
ponding solution of the Ar-BIAN ligand in CH,Cl, (25 mL).
The mixture was left stirring for 12 h, at room temperature.
After reaction, the solution was filtered, concentrated and
pentane or diethyl ether was added to precipitate crystals of
the desired product without the need for further purification.

Complex 1: Ligand L1 (0.5 g, 1.2 mmol), CuCl, (0.162 g,
1.2 mmol). Complex 1, 0.61 g, yield: 92%. Brown crystals were
obtained by slow diffusion of diethyl ether in a dichloro-
methane solution of 1.

Elemental analysis caled (%) for C3oH,3Cl,CuN,-1/2CH,Cl,:
C 61.73, H 4.93, N 4.72; found: C 61.76, H 5.41, N 4.23.

FTIR v (cm™"): 1660 (C=N), 1638 (C=N); Far-IR v (cm™"):
524, 357, 323.

'H NMR (400 MHz, CD,Cl,): § 17.68, 14.39, 12.25, 9.35,
6.98, 6.30, 5.35, 5.11, 2.35, 2.29, 1.75, 1.59, 1.45, 1.39, 1.37,
1.24, 0.97.
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MALDI-TOF-MS: m/z = 401.21 [L1 — CH,]; 514.11
[L1CuCl]".

Complex 2: Ligand L2 (0.5 g, 1 mmol), CuCl, (0.134 g,
1 mmol). Complex 2, 0.55 g, yield: 87%. Dark green needles
were obtained by slow diffusion of pentane in a dichloro-
methane solution of 2.

Elemental analysis calcd (%) for C36H,0Cl,CuN,: C 68.07, H
6.35, N 4.41; found: C 68.05, H 6.37, N 4.37.

FTIR v (em™'): 1666 (C=N), 1636 (C=N); Far-IR v (cm™):
526, 355, 321.

'H NMR (400 MHz, CD,Cl,): § 14.49, 10.43, 5.97, 5.40, 3.21,
2.14, 1.57, 1.30, 0.92.

MALDI-TOF-MS: m/z = 457.24 [L2 — iPr]"; 598.19 [L2CuCl]".

Method B. The following procedure was adopted: a green
solution of CuCl, (0.080 g, 0.6 mmol) in MeOH (5 mL) was
added dropwise to an orange solution of the equimolar
amount of Ar-BIAN ligand in CH,Cl, (15 mL). In both reactions
there was a colour change to brown (with L1) or to dark green
(with L2). The mixture was left under stirring for 2 h and sub-
sequently filtered. The filtrate was left standing at room temp-
erature, in air, for evaporation. After 48 h, brown crystals of 1
(reaction of L1 with CuCl,), or black crystals of 3 (reaction of
L2 with CuCl,) formed. The crystals were separated and charac-
terised by single crystal X-ray diffraction. While in the case of 1
the yield was high (90%) and no side products were formed, in
the case of 3 yellow crystals of uncharacterised side-products
also formed, the yield of 3 being lower (45%).

Mass spectrometry

MALDI-TOF-MS (Matrix Assisted Laser Desorption Ionization-
Time of Flight-Mass Spectrometry) analysis were performed at
the REQUIMTE-MALDI-TOF-MS Service Laboratory, and have
been performed in a MALDI-TOF-MS Voyager DE-PRO Biospectro-
metry Workstation equipped with a nitrogen laser radiating
at 337 nm from Applied Biosystems (Foster City, USA). MALDI
mass spectra were acquired and treated with the Data Explorer
software version 4 series. The MALDI-TOF-MS study in dichloro-
methane was carried out for all the synthesised compounds.
Samples were dissolved in dichloromethane (1 pg pL ™), and 1
to 2 pL of the corresponding solution was spotted on a well of
a MALDI-TOF-MS sample plate and allowed to dry. No matrix
was added. Measurements were performed in the reflector
positive or negative ion mode, with a 20 kV accelerating
voltage, 80% grid voltage, 0.005% guide wire, and a delay time
of 200 ns. Mass spectral analysis for each sample was based on
the average of 500 laser shots.

NMR measurements

Nuclear Magnetic Resonance (NMR) spectra of complexes 1
and 2, and of polystyrenes were acquired using Bruker Avance
III 400 MHz ('H, 400.132 MHz; *C, 100.623 MHz) spectro-
meters, equipped with a 5 mm BBO inverse detection probe
and a 5 mm BBO detection probe, respectively, and variable
temperature control units.

Exact quantities of polycrystalline samples of complexes 1
and 2 (c¢f. Table 2) were dissolved in 500 pL of a mixture of the
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deuterated dichloromethane solvent and a small amount of
tetramethylsilane (TMS). The same mixture was added to a
capillary insert, co-axial with the NMR tube. The "H NMR
spectra were acquired with a spectral window of 200 ppm
centred around 6.175 ppm (to observe any potentially shifted
peaks by the paramagnetic Cu ion), and their frequencies were
calibrated using the TMS resonance of the capillary tube. All
spectra were acquired at 298 K. Mass magnetic susceptibility
measurements were performed using the Evans method.*® The
number of free electrons was calculated using the approxi-
mations described in ref. 47.

The 'H and “C{'H} NMR spectra of the polystyrenes, in
1,1,2,2-tetrachloroethane-d, solutions, were run at 120 °C.
Spectra were referenced internally using the residual protio or
the '*C solvent resonances relative to TMS (5 = 0). All chemical
shifts are quoted in § (ppm). The measurement of observed
intensities of triad sequences was performed by electronic
integration within the range of the ipso carbon “C{'H} NMR
resonance (see Fig. S9 in ESI}), the corresponding values being
normalised. The isotactic reaction probability (P,,)*® was calcu-
lated according to the equation P, = mm + 1/2mr, in which
mm and mr are the normalised intensities of the corres-
ponding triads.

EPR measurements

X-band CW-EPR spectra of polycrystalline samples were
recorded at 77 K and 298 K with a Bruker EMX spectrometer
using a rectangular cavity with 100 kHz field modulation, and
equipped with an Oxford continuous flow cryostat. Powder
samples were obtained by grinding single-crystals. Solutions
were prepared dissolving this powder in CH,Cl,. All sample
manipulations were performed under an argon atmosphere in
a glovebox with a dioxygen concentration below 1 ppm. EPR
parameters of powdered and solution samples were obtained
from spectral simulations using the software Simfonia (v. 1.25,
Bruker Instruments Inc.).

X-ray data collection, structure solution and refinement

Suitable crystals for the X-ray analysis of 1-OEt,, 2-CH,Cl, and
3 were obtained as described in the Experimental section. The
intensity data were collected on a Kappa CCD diffractometer™®
(graphite monochromated MoKa radiation, A = 0.71073 A) at
173(2) K. Crystallographic and experimental details for the
structures are summarised in Table 7. The structures were
solved by direct methods (SHELXS-97) and refined by full-
matrix least-squares procedures (based on F?, SHELXL-97)>°
with anisotropic thermal parameters for all the non-hydrogen
atoms, except for those of the diethyl ether molecule co-crystal-
lised with compound 1. The crystal 1 showed the presence of a
disordered diethyl ether molecule, for which some restraints
to distances and angles were applied and the non-hydrogen
atoms being refined with isotropic thermal parameters. The
CH,Cl, solvent molecule in 2-CH,Cl, was found severely dis-
ordered and since attempts to identify the atomic positions
failed, a PLATON-SQUEEZE®' procedure was applied. The
residual electron density was assigned to one molecule of
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Table 7 Crystallographic data for complexes 1-OEt,, 2-CH,Cl, and 3
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Compound reference 1-OEt,

Chemical formula C30H,5Cl,CuN,-C,H;,O

Formula mass 625.10
Crystal system Orthorhombic
alA 17.015(3)
b/A 16.611(4)
c/A 22.891(6)
al® 90.00

pl° 90.00

7/° 90.00
Unit cell volume/A® 6470(3)
Temperature/K 173(2)
Space group Phbca

zZ 8
Absorption coefficient, y/mm™" 0.868
No. of reflections measured 43539
No. of independent reflections 9445

Rint 0.0884
R, values (I > 20(I)) 0.0809
WR(F?) values (I > 26(I)) 0.2144
R, values (all data) 0.1350
WR(F*) values (all data) 0.2390
SonF* 1.094

dichloromethane. This data treatment resulted in an improved
quality of the model. The hydrogen atoms were introduced
into the geometrically calculated positions (SHELXS-97 pro-
cedures) and refined riding on the corresponding parent
atoms, with C-H distances of 0.95, 0.98, 0.99 and 1.00 A for
aromatic, methyl, methylene, and methine H atoms, respecti-
vely, and with Ujs(H) = 1.2Ueq(C). CCDC 994399-994401
contain the supplementary crystallographic data.

Electrochemical measurements

Cyclic voltammetry experiments were performed using a
Radiometer DEA 101 Digital Electrochemical Analyser inter-
faced with an IMT 102 Electrochemical Interface. The cell was
a 5 mL three-electrode cell equipped with a Pt disc (1 mm
radius) working electrode, a Pt-wire auxiliary electrode and a
Ag-wire pseudo-reference electrode, kept in a separate com-
partment and connected to the main compartment by a
Luggin capillary. The potentials were measured with a scan
rate of 200 mV s~ against an internal standard, the ferroce-
nium/ferrocene (Fc°) couple, according to the IUPAC rec-
ommendations.”> In order to compare these experimental
potentials with the theoretical potentials they were converted
to the Ag/AgCl/KCl (sat.) reference electrode scale according to
the reduction potentials published for the Fc™/® couple in
methanol and dichloromethane, 418 mV and 520 mV, respecti-
vely,”® and then to the Standard Hydrogen Electrode (SHE)
scale using the value of 222 mV for the Ag/AgCl reference
electrode versus SHE.” Solutions of [NBu,][BF,] in CH,Cl, or
MeOH (0.2 M) were used as electrolytes, the concentrations of
complexes being in the range 1.2-1.3 mM. All experiments
were carried out in the absence of oxygen. Dry nitrogen was
bubbled through the solution in the cell before each scan.

13052 | Dalton Trans., 2014, 43, 13041-13054

2-CH,Cl, 3
C36H40Cl,CuN,-CH,CI, C5,HgoCl,Cu,Ny,
720.07 1199.38
Monoclinic Monoclinic
11.7040(4) 16.2640(11)
29.0320(10) 12.2230(10)
11.9346(4) 22.2710(10)
90.00 90.00
105.32(3) 132.99(5)
90.00 90.00
3911.1(6) 3238(3)
173(2) 173(2)
P24/c P24/c

4 2

0.857 0.783
31167 21322
10407 9426
0.0315 0.0864
0.0698 0.0646
0.1581 0.1683
0.0965 0.1014
0.1686 0.1995
1.057 1.051

Computational details

Unrestricted calculations were carried out using the Gaus-
sian09 package.®® The hybrid density functional method
known as B3LYP was applied.”> Effective core potentials (ECP)
were used to represent the innermost electrons of the tran-
sition atoms and the basis set of valence double-{ quality
associated with the pseudopotentials known as LANL2DZ.*®
The basis set for the light elements such as C, N and H was
6-31G*.>” Energies in solution were taken into account by PCM
calculations (dichloromethane and methanol, ¢ = 8.93 and
32.613, respectively),®® maintaining the geometry optimised
for the gas phase (single-point calculations). Reduction poten-
tials are estimated from free energies in these solvents, taking
4.32 and 4.19 V as references for the absolute SHE in dichloro-
methane and methanol, respectively. The latter value is given
in the IUPAC recommendations,” whereas the former has
been obtained from solvent effects introduced in the ferro-
cene/ferrocenium pair.°

Structural analysis

The structural data were obtained through a systematic search
in the Cambridge Structural Database (version 5.33 with two
updates, February 2012).°" Shape continuous measures were
calculated with the SHAPE program,®* which provides quanti-
tative information of how much the environment deviates
from an ideal polyhedron, helping the assignment of the geo-
metry of the coordination sphere around the metal.

General procedure for the styrene polymerisation experiments

The solid catalyst (0.5 mol%, 20 mg, 36.30 pmol) was placed in
a pre-dried Schlenk tube equipped with a stirring bar and
three vacuum/argon cycles were performed. Then styrene (200
equiv., 834.5 pL, 7.26 mmol), toluene (834.5 pL) and the AIBN
solution (0.8 equiv., 145.2 pL, 29.04 pmol) were added via a
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syringe. The solution was degassed by three freeze-pump-
thaw cycles and a reference sample was collected. The Schlenk
tube was then immersed in an oil bath at 80 °C and aliquots
were removed at different reaction times, diluted in THF, fil-
tered through neutral alumina and analysed by gas chromato-
graphy (GC) in order to determine the reaction conversion. For
isolation of the polymer, the reaction mixture was precipitated
in cold methanol, filtered, washed with additional methanol,
and dried under vacuum. The polystyrene samples obtained
were then analysed by GPC/SEC.
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