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Structure and catalytic properties of novel copper
isatin Schiff base complexes†

Andrey S. Smirnov,ab Luı́sa M. D. R. S. Martins, *c Dmitriy N. Nikolaev,d

Roman A. Manzhos,e Vlad V. Gurzhiy,b Alexander G. Krivenko,e Kirill O. Nikolaenko,a

Alexander V. Belyakov,a Alexander V. Garabadzhiua and Pavel B. Davidovich ‡*a

Isatin Schiff base ligands in combination with redox active metal ions have the potential to behave

as non-innocent ligands facilitating industrially important chemical reactions. The ligand structure is

easily modified by introducing substituents in three different positions, affecting the electron density

distribution that was evaluated by Mulliken charge analysis and cyclic voltammetry for a range of isatin

derivatives. It was noticed that coordination of these ligands to copper(II) bromide in alcohol resulted in

copper reduction to Cu(I) species and alcohol oxidation. Compared to organic chemistry, the inorganic

chemistry of these ligands remains poorly examined. Here, we present the structural study of sixteen

novel copper complexes with mononuclear [Cu(L)2]Hal2/1 and halo-bridged binuclear [Cu2(m-Hal)2(L)2]

structures (L = isatin Schiff base ligand; Hal = Cl, Br and I). Finally, application of the above complexes

for alcohol oxidation was evaluated: the complexes selectively catalyse benzyl alcohol oxidation to the

corresponding aldehyde with almost quantitative yields and high selectivity.

Introduction

Copper complexes with organic ligands are widely used in
organic synthesis as catalysts, e.g., in the click azide alkene/
nitrile synthesis of tri- and tetrazoles; in arene coupling, selective
oxidation reactions1,2 etc.3 Naturally, copper is present as a
cofactor in the active sites of different metal dependent enzymes,
such as catechol and galactose oxidase, lysine oxidase, super-
oxide dismutase, N2O reductase etc.4 Researchers are constantly
trying to mimic enzyme metal binding sites and improve cata-
lytic properties by varying the surrounding ligands. A special
place in the ligand space is allotted to the so-called non-innocent

ligands that can, along with metal centers, participate in RedOx
reactions. Ligand structure design allows the properties of the
formed complexes to be finely tuned. Many studies have focused
on Schiff base derivatives of a naturally existing non-innocent
ligand pair – catechol/quinone.5 Jacquet et al. reported imino-
benzoquinone copper complexes that actively promoted the
oxidation of alcohols,6 thus mimicking alcohol oxidase activity.
Another natural compound resembling the quinone structure –
isatin – remained innocent in the sense of studies by inorganic
chemists. Despite its popularity caused by a plethora of bio-
logical activities,7–9 reports on isatin imine (Schiff base) coor-
dination chemistry remain scarce.10 Earlier studies evaluated
copper(II) isatin Schiff base complexes [Cu(isapn)](ClO4)2 as
active catalysts towards carbohydrate oxidation via intermediate
reactive oxygen species formation.11 Taking together the data
mentioned above, we decided to prepare copper complexes with
different isatin Schiff base derivatives (ISBDs) and to explore
their structural features and their potential to catalyze the
oxidation of alcohols.

Results and discussion
Synthesis and structure

Ligands. All ISBDs were prepared according to the previously
reported condensation reaction12 between isatin and the corre-
sponding aromatic amine; amide nitrogen was alkylated to
limit reactivity centers to the carbonyl and imine groups.
According to structural data, different substituents had almost
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no feasible effects on the main geometric parameters of the
ISBD ligands (L) (Fig. 1 and Table S1, ESI†).

On the other hand, in accordance with the anisotropy of
current induced density (ACID),13,14 the ISBD system is highly
conjugated (Fig. 2 and Fig. S32, ESI†) and different derivatiza-
tion positions could be used to tune the electronic properties of
these ligands. This assumption finds proof in the analysis of the
Mulliken charges on the heavy atoms of the ligands (Table S5,
ESI†). Derivatization of ring ‘‘C’’ has no feasible effect on the
carbonyl oxygen charge, while alkylation of the amide nitrogen
with iPr decreases the charge on oxygen and arylation with a Ph
substituent increases the negative charge; in turn, the charge on
the imine nitrogen is significantly changed upon substitution of
ring ‘‘C’’; ring ‘‘B’’ modifications do not really effect the electron
density distribution on the donor atoms.

Complexes. In the free non-coordinated state, the ISBDs
crystallize in the E-form and undergo isomeric interconversion,
E # Z, in solution.12,15 As we have previously shown, coordina-
tion to a metal stabilizes the E-conformation in a soluble state.16

Model copper(II) complex C1 was prepared by mixing ethanol
solutions containing CuCl2 and a double excess of L1. Slow
crystallization from methanol afforded X-ray quality crystals. The
XRD analysis confirmed the formation of a bischelate octahedral
complex of [Cu(L1)2]Cl2 formula (Fig. 3) with the ligand coordi-
nated in E-conformation. The structure is similar to the one
previously reported for a [Cu(ISBD)2]Cl2 complex,17 where ISBD =
3-(4-hexylphenylimino)-1H-indol-2(3H)-one.

Despite the fact that coordination to the copper(II) center
proceeds via carbonyl and imine groups of L1, Cu–N and Cu–O
bond formation had almost no effect on the ligand CQN and
CQO bond lengths, but it did affect the carbonyl group vibration
frequency that shifted from 1734 cm�1 (L1) to 1728 cm�1 (C1) and
the imine frequency that shifted from 1653(L1) to 1658(C1) cm�1.

As potential alcohol oxidation by a complex would probably
include the reduction of copper(II), an attempt to obtain a Cu(I)
complex with L1 was performed. Previous studies on the homo-
logues acenaphthoquinone and camphor hydrazone ligands
reported the formation of two structurally distinct Cu(I)
complexes:18,19 mono [Cu(2,6-iPrC6H3-BIAO)]Cl and binuclear
[Cu2(m-Hal)2(iPrNNC10H14O)2] species. Thus, four types of copper
complexes could potentially be formed (Scheme 1).

A heterogeneous reaction between solid CuCl and a metha-
nolic solution of ligand L1 resulted in the formation of two
products: a brown MeOH soluble sample and a green sample
soluble in MeCN. ESI solution analysis showed that the green
crystals correspond to [Cu(L1)]+ particles with an m/z ratio
of 299.02, while the red crystals correspond to bischelate
{[Cu(L1)2]Cl}+ with chloride unbound m/z = 535.12 and bound
m/z = 570.09 species. To avoid heterogeneous reactions, Cu(I)
ion was generated in situ by the reduction of Cu(II) with iso-
propyl thiol (i-PrSH) (C1 reacts stoichiometrically with thiols)
(Fig. S1, ESI†). The ESI analysis of the [Cu(L1)2]Cl2 + RSH reac-
tion solution confirmed the presence of the same peaks as in
the case of the heterogeneous reaction. Attempts to crystallize
the individual products in a way that would allow X-ray suitable
crystals to be obtained failed. Substitution at the 2nd and

Fig. 1 Isatin Schiff bases used in the current study.

Fig. 2 ACID isosurface for L1 at an isosurface value of 0.05 a.u. Current
density vectors are plotted onto the ACID isosurface to indicate dia- and
paratropic ring currents. The magnetic field vector is orthogonal relative to
the ring plane and points upward.

Fig. 3 ORTEP representation of the X-ray resolved molecular structure of
[Cu(L1)2]Cl2 (C1).§

Scheme 1 Possible types of copper complexes with ISBDs.

Scheme 2 Complex metal center reduction with thiol.

§ Here and onwards, hydrogen atoms are omitted for clarity.
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6th positions of the ring ‘‘C’’ of the ISBD structure could result
in steric hindrance between the halogen and ligand atoms and
shift the reaction to monochelate products. To validate this
assumption, complexes with 2,6-dimethyl (L3), 2,6-diisopropyl
(L4) and 2,4,6-trimethyl derivatives (L7) of L1 were prepared
according to Scheme 2.

Only with the L7 ligand X-ray quality crystals of complex C2
were obtained and characterized. The XRD analysis confirmed
the binuclear monochelate structure of the C2 complex (Fig. 4)
with a Cu0� � �Cu distance of 2.66 Å, which is 0.2 Å shorter than
in an analogous [Cu2(m-Hal)2(PhenoxBQ)2] complex described
by Speier et al.20 In the binuclear species [Cu2(m-Hal)2(L7)2], the
carbonyl vibration frequency shifts from 1729 cm�1 to 1719 cm�1

and the imine vibration at B1650 cm�1 almost totally disappears.
To compare the effect of a bridging halogen on the complex
structure, complexes C3 and C14 were prepared from CuBr and
CuI salts and L7. The formed compounds resembled the binuclear
structure of [Cu2(m-Hal)2(L7)2] described above with no significant
geometry differences (Fig. 4).¶

Copper(I) bromide reaction with the more electronically
saturated and sterically demanding ligand L4 resulted in the
isolation of a green crystalline product, [Cu2(m-Br)2(L4)2]. Inter-
estingly, the crystal consists of molecules in two separate
conformations differing in Cu� � �Cu distance: first, a C5 mole-
cule with a metal–metal distance of 2.875 Å and a second one,
C50, with a much longer 3.176 Å Cu� � �Cu distance (Fig. 5). In all
the other complexes, the Cu� � �Cu distances (Table S1, ESI,†) are
shorter than the sum of copper van der Waals radii (= 2.8 Å),
which might be evidence of closed shell metallophilic d10–d10

interactions;22 in the case of the elongated metal–metal dis-
tance, these interactions are most probably lost because of the
strong influence of neighboring molecules that form short

contacts with bridging bromide ions. The bond lengths in the
coordinated ligand are almost identical for both conformations
and do not differ from the ones in unbound ligand (Table S1,
ESI†), suggesting that no change in the ligand or metal redox
state occurred.

The reaction of CuBr with the dimethylated derivative L3
resulted in the formation of the acetonitrile soluble complex C4.
Slow MeCN evaporation resulted in XRD quality crystals that
confirmed the binuclear structure for product, [Cu2(m-Br)2(L3)2],
with a Cu� � �Cu distance of 2.739 Å. The reaction of ligand L3
with CuI leads to the formation of binuclear complex species C16
with a Cu� � �Cu distance of 2.754 Å that is close to the bromide
analogue.

Interestingly, PhenoxBQ ligand reacted with CuCl2 to
form the binuclear halo-bridged paramagnetic Cu(II) complex
[Cu2(m-Cl)2(PhenoxBQ)]Cl2.20 Here, reactions of methanol dis-
solved CuBr2 with L3 resulted in the reduction of copper(II)
and formation of the binuclear type II copper(I) complex C4
[Cu2(m-Br)2(L3)2]. Bond distances (N–CAr 1.445 Å, CQN 1.294 Å,
C–C 1.512 Å and CQO 1.218 Å) in the coordinated ligand show
almost no difference with the free non-coordinated form (N–CAr

1.422 Å, CQN 1.274 Å, C–C 1.527 Å and CQO 1.215 Å), which
points to the fact that the ligand ‘‘redox’’ state is not changed
upon copper center reduction (Fig. S24, ESI†). The same behavior
and complex [Cu2(m-Br)2(Ln)2] formation was observed when

Fig. 4 ORTEP representation of type II binuclear complex [Cu2(m-Hal)2(L7)2], Hal = Cl (C2), Br (C7) and I (C14) structures.

Fig. 5 ORTEP representation of type II binuclear complex (C50).

¶ Potentially, these compounds could be used in the diastereoselective syntheses
of spiroazetidinimine-2-oxindoles; the three component one-pot synthesis of
these probes from an ISBD, p-toluenesulfonyl azide and phenyl acetylene in the
presence of 10 mol% CuI in MeCN was reported earlier; where, most probably,
CuI and the ISBD form a binuclear complex analogue to C14 that reacts with two
other components forming spiroazetidinimine-2-oxindole.21
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ligands L4 and L7 were used (C5 and C3, accordingly). As these
redox reactions proceeded without any external reducing agent,
two possible reduction processes could occur: copper(II) cata-
lyzed oxygen mediated alcohol transformation to aldehyde,23,24

like in the case of the homologue bis(o-iminosemiquinonato)
Cu(II),25 or bromide ion could reduce the ligand molecule to
form anion L� that could transfer an electron to the Cu(II) ions,
as reported by Mukherjee.26

Having observed the spontaneous reduction of CuBr2 (com-
plexes C3, C4 and C5), a similar reaction of CuBr2 with L1 in
methanol solution was performed. As expected, the reaction
also proceeded with metal center reduction and the formation
of a [CuI(L1)2]Br trigonal-monopyramidal C9 type IV complex.

Unexpectedly, the reaction between CuBr and L1 resulted in
the isolation of a bischelate type IV mononuclear [Cu(L1)2]Br
complex (C9), but not a halo-bridged complex. Compared to C1,
Cu(I) complex formation resulted in the elongation of the
Cu–O distance from 2.592 to 2.754 Å and shortening of the
Cu–N bond from 2.027 to 1.954 Å (Fig. 6). Upon reduction,
bonds between the imine nitrogen and copper strengthen, but
the bonds with carbonyl oxygen weaken compared to the Cu(II)
species.

Different behavior was observed in the case of L5 and L6
ligands that have substituents in the 5th position of ring ‘‘B’’.
Complexes with these ligands were prepared to evaluate the
possible effects of donor (Me) and acceptor (Br) substituents
in ring ‘‘B’’ on the structural and electronic features of the
obtained compounds. Compared to L1, the bromide-bridged
complexes C6 and C7 were obtained from CuBr and ligands, but
not [Cu(Ln)2]Br. Preferential formation of the binuclear species
[Cu2(m-Br)2(Ln)2] could be the reason for the steric effects caused
by the bromine and methyl substituents. No substantial differ-
ence between C6 and C7 complex core geometry was observed
(Table 1). These results generally correspond to previous

observations that substitutions in an isatin benzene ring
have no serious impact on the electronic parameters of
the isatin dione fragment,27,28 but could sterically affect
reactivity.16

The copper iodide complex C15 was obtained from CuI and L1
in acetonitrile. XRD analysis of magenta colored crystals confirmed
the formation of a binuclear type II structure, [Cu2(m-I)2(L1)2].8
Switching to the less electronically saturated L1 ligand resulted in
shortening of the metal-to-metal distance compared to other m-I
complexes, such as [Cu2(m-I)2(L7)2] C14 and [Cu2(m-I)2(L7)2] C16
(Table 1), but it was close to the bromide bridged C6 and C7 ones.
Thus, generally, the Cu� � �Cu distance is not significantly depen-
dent on the halogen bridge.

Similar to the described reduction of Cu(II) by thiols, the
reaction between the sulfate complex of L1 [CuII(L1)2(H2O)2]SO4

and KI was performed according to Scheme 3.
Mass-spectrum analysis of the reaction solution showed a

major peak with m/z = 535.13 corresponding to the dissociated

Fig. 6 ORTEP structural representation of type IV complexes C9–C12.

Table 1 Selected bond lengths (Å) for binuclear type II complexes;
coordinated ligands (Ln) indicated in brackets, X–anion

m-X Cu� � �Cu Cu–O Cu–N CQN CQO C2–C3

C2 (L7) Cl 2.660 2.467 1.946 1.261 1.237 1.514
C3 (L7) Br 2.604 2.436 1.979 1.289 1.210 1.517
C4 (L3) Br 2.739 2.418 1.992 1.294 1.218 1.520
C5 (L4) Br 2.835 2.689 1.948 1.282 1.223 1.518
C50 (L4) Br 3.176 2.613 1.951 1.295 1.215 1.527
C6 (L5) Br 2.548 2.429 1.974 1.287 1.215 1.519
C7 (L6) Br 2.561 2.434 1.979 1.288 1.222 1.525
C14 (L7) I 2.610 2.404 2.014 1.284 1.226 1.526
C15 (L1) I 2.527 2.513 1.995 1.289 1.219 1.524
C16 (L3) I 2.724 2.377 2.041 1.283 1.224 1.515

8 Reactions of copper(I) iodide in MeCN with L3 and L7 yielded analogues
C14–C16, complexes of binuclear structure.
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[Cu(L1)2]+ form of a bischelate type IV complex, but no frag-
ments of binuclear species were detected. Solvent evaporation
resulted in crude powder product isolation, and the consequent
crystallization proceeded with the formation of good quality
crystals of complex C10 (Fig. 6).

As in solution, the complex is most probably present as a
dissociated salt, the halogen binding effect on the Cu(I) complex
geometry was evaluated by obtaining a complex with a non-
coordinating counter BF4

� ion. The reaction of [Cu(MeCN)4](BF4)
with L7 resulted in heteroleptic complex [Cu(L7)2(MeCN)](BF4)
(C11) formation. As confirmed by the crystal structure data, in the
absence of a halogen atom, the coordination site is occupied
by the solvent MeCN molecule (Fig. 6), and this ‘‘substitution’’
results in Cu–O bond elongation to 2.584 Å with no feasible
effect on the Cu–N bond (see Table 2).

A copper–oxygen bond length of 2.58 Å in complex C11 is
close to the one in the type I Cu(II) species. Possibly, halogen
coordination to Cu(I) stabilizes a lower oxidation state, while the
non-coordinating BF4

� anion is less likely to do that. According
to the theoretically optimized geometry of the reduced ligand
L� (Fig. S24, ESI†), electron acceptance leads to carbon–carbon
(C2–C3) bond shortening and that is reflected in the C11
structure, where the ligand carbon–carbon (C2–C3) distance
is shortened by 0.02 Å. Electron relocation to the ISBD ligand
can occur from Cu(I), pointing to electron density conjugation
between metal and ligand. A similar tendency was observed in
the case of copper(I) complex C12 with ligand L2 (hydroxyl in
ring ‘‘C’’), where the Cu–O bond distance of 2.675 Å is signi-
ficantly shorter than in the analogous C9 complex (Table 2 and
Fig. 6). The bromide–copper(I) bond of 2.435 Å is attenuated
compared to complex C9 (2.387 Å) because of two hydrogen
bonds between the hydroxyl groups of the ligands and Br�

anion. Lower charge compensation on Cu(I) leads to electron
density redistribution and shortening of the carbon–carbon
(C2–C3) bond by 0.013 Å.

Alcohol oxidation catalysis

Benzyl alcohol (PhCH2OH), an important industrial raw-material,
was used as a model substrate to investigate the potential

application of copper complexes C1, C7, C8 and C9 as hetero-
geneous catalysts for the oxidation of primary alcohols. Under
ambient conditions, the complexes promoted aerobic alcohol
oxidation with moderate conversion rates of B22% and thus
were further evaluated using microwave (MW) assisted alcohol
oxidation assay. The oxidation conditions were optimized rela-
tive to several parameters such as reaction time and tempera-
ture, copper catalyst and oxidant amount, and the presence of
additives: TEMPO radical, a well-known promoter in the catalytic
oxidation of alcohols,29 or 0.1 M aqueous potassium carbonate
solution, recognised to facilitate the deprotonation of alcohol.30

The experiments showed that the complexes selectively catalyse
the MW assisted oxidation of benzyl alcohol to benzaldehyde
with tert-butyl hydroperoxide (tBuOOH, TBHP),31 under low
irradiation power and in the absence of any solvent or promotor.
Under the adopted conditions, the presence of TEMPO led to a
strong inhibiting effect of the catalytic activity of all compounds,
whereas K2CO3 had almost no effect (Fig. 7).

The results obtained for benzyl alcohol oxidation are pre-
sented in Table 3. Most probably, the mononuclear complex
structure is maintained in the solution and during the catalytic
reaction, while binuclear type II complex C7 can undergo dissocia-
tion to the mononuclear type III species [Cu(L)]Hal (Scheme 1),
similar to those obtained by Anga, [Cu(2,6-iPrC6H3-BIAO)]Cl.18

All complexes were found to be much more active than their
precursor salts (Table 3), suggesting the favourable involvement
of ligands in the metal-assisted steps of this catalytic oxidation
reaction. The ligands themselves are not able to catalyse the
benzyl alcohol to benzaldehyde oxidation under the same reac-
tion conditions (yields in the 0–2% range). Accordingly, the
addition to the reaction mixture of Ph2NH or CBrCl3, well known
oxygen- and carbon-radical traps, respectively,32,33 led to a signi-
ficant yield drop of over 80% compared to the reaction carried
out under the same conditions but in the absence of a radical
trap (Fig. 7). Thus, the oxidation of benzyl alcohol by the
complexes proceeds via a radical mechanism involving carbon
and oxygen-centred radicals.

One of the important parameters for any catalyst is recycling
capacity. Complex C9 was tested for up to 5 consecutive cycles

Scheme 3 Cu(I) bischelate iodide complex formation.

Table 2 Selected bond lengths (Å) for mononuclear complexes Cn type I
and IV; coordinated ligands (Ln) indicated in brackets, X–anion

X Cu–O Cu–N CQN CQO C2–C3

C1 (L1) Cl 2.592 2.027 1.280 1.220 1.518
C8 (L6) Cl 2.518 2.036 1.275 1.220 1.522
C9 (L1) Br 2.754 1.954 1.278 1.206 1.519
C10 (L1) I 2.728a 1.953 1.289 1.221 1.512
C11 (L7) BF4 2.584 1.980 1.284 1.214 1.512
C12 (L2) Br 2.675 1.953 2.277 2.215 1.519

a Cu–Br distance of 2.387 Å is shorter than the ionic radius of the ions.

Fig. 7 Effect of additives on the oxidation of PhCH2OH catalysed by C1
and C7–C9.

NJC Paper

Pu
bl

is
he

d 
on

 0
2 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

19
 9

:0
6:

23
 P

M
. 

View Article Online

http://dx.doi.org/10.1039/c8nj02718h


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2019 New J. Chem., 2019, 43, 188--198 | 193

to evaluate its catalyst recycling capacity (Fig. 8). A slight (6%)
decrease in product yield was observed after the second cycle,
but on the following consecutive cycles, much more pronounced
values were obtained, as depicted in Fig. 8, suggesting the
deactivation of the active species by the reaction medium (or
during the wash steps). However, the recovery of the catalyst
might not be an issue due to its low cost. As the low recycling
capacity of a novel catalyst may arise from the irreversibility
of oxidation/reduction cycles of the complex or ligands, their
redox behavior was studied.

Ligand and complex redox behavior

Complexes. To understand the RedOx behavior of the com-
pounds, cyclic voltammetry (CV) curves were recorded for the
ligands and [Cu(L1)2]Cl2 C1 and C9 [Cu(L1)2]Br complexes. For
complex CV estimation, measurements were started at a potential
E =�0.65 V, where the oxidation of Cu(I) to Cu(II) occurs. Cathodic
peaks CAT1 and CAT2 and the corresponding anodic AN1 AN2
peaks resemble one electron transfers (Fig. 9A). The values
of peak potentials for the bromide and chloride complexes
are the same within experimental error and are represented in
Table 4.

The difference between the cathodic and anodic peak poten-
tials is about 70 mV and attests that the 1st and 2nd electron
transfers occur electrochemically reversibly (quasi-reversibly).
The values of anodic peak current are lower than the cathodic
ones, which is especially evident in the case of the second electron
transfer. That may be the reason for the unstable product
formation that partially decomposes during the experiment
and results in the reduction of peak AN2. Peak AN3 resembles,

most probably, the oxidation of intermediates formed after the
second electron addition.** Thus, the general scheme for the
complex RedOx behavior could be represented as follows:

CuðL1Þ2
� �2þ �! �

þe

�e
CuðL1Þ2
� �þ �! �

þe

�e
CuðL1Þ2
� �

! by product

Ligands. Complex reduction potential mainly depends on
the ligand electronic structure/electrochemical properties. As
mentioned previously, ISBDs share structural similarity with non-
innocent iminobenzoquinone ligands,34,35 and they can participate
in electrochemical reactions together with copper ions. Thus, to
understand the relationship between the structure and the reduc-
tion potential, CVs for ISBD ligands were recorded. The RedOx
parameters for different ISBDs are presented in Table 5.

In the potential region of�1500 to�2000 mV and at mid scan
rates of 10–100 mV s�1, the only cathodic peak CAT1 is observed
(Fig. 9B). DE increases from 80 to 120 mV with the increase of
scan rate from 200 to 500 mV s�1.

Table 3 Data for the solvent-free MW-assisted oxidation of benzyl
alcohol to benzaldehyde with TBHP

Complex Yield, % TOF, h�1 Selectivity, %

— 0.9 — —
CuBr 16 1.6 � 102 55
CuCl 21 2.1 � 102 73
CuCl2 13 1.3 � 102 64
C1 91 9.1 � 102 97
C7 96 9.6 � 102 98
C8 87 8.7 � 102 97
C9 97 9.7 � 102 97

Fig. 8 Benzaldehyde yield as a function of C9 catalytic cycle. Fig. 9 CVs measured for C1 complex (A) and L1 ligand (B); potential
values vs. Fc+/Fc.

Table 4 Potential peak values vs. Fc+/Fc, potential difference (DE) and
formal potential E0 for electron transfers for complex C1

e transfer First Second

EC, V �1.44 �1.64
EA, V �1.37 �1.57
DE, V 0.07 0.07
E0, V �1.41 �1.61

** Peaks C0 probably correspond to the reduction of intermediates and will not be
discussed.
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These data suggest that the first electron transfer occurs by
the EC-mechanism with reverse electrochemical and irreversible
chemical steps.36 Below scan rates of n o 200 mV s�1, the
product of electron addition to the ligand (L1�) virtually com-
pletely manages to degrade with the formation of byproducts (P).
At the higher rates of n, the reasonable part of L� can be further
oxidized and the shape of the CV curve transforms to that
characteristic of a quasi-reversible process with a formal potential
of �1570 mV for L1. At E 4�1200 mV, the anodic peak AN0 is
present, but the corresponding cathodic peak is not observed and
this indicates that the process is non-reversible. Thus, the peak
AN0 corresponds to the oxidation of the products formed during
the decomposition of L1�. At the more negative potentials, the
peak CAT2†† and the corresponding anodic peak AN2 appear on
the CV curve. CAT2 grows with the increase in potential scan rate
and thus, most probably, corresponds to the second step of L1
reduction. During a slow potential scan, L1� manages to majorly
transform into product P, and peaks CAT2 and AN2 do not
appear. Finally, we can suggest that the ligand RedOx processes
proceed via the ECE-mechanism.

As can be seen from Table 5, the introduction of a sub-
stituent in ring ‘‘B’’ (L6) has a very modest effect on reduction
potential. Propylation in ring ‘‘A’’ increases the reduction
potential and the opposite effect is observed for N-arylated
modification. The introduction of ring ‘‘C’’ donor substituents
in all cases (L3, L4, and L7) increases the reduction potential.
These tendencies are in agreement with the Mulliken charge
analysis distribution discussed above. Modification of ligand
structures can be used as a strategy to affect complex redox
properties, and furthermore, the introduction of more strongly
chelating ISBDs with extra coordinating centers could augment
the redox stability of a novel catalyst.

Conclusions

As the ISBD system is conjugated, these ligands and can
potentially described as non-innocent (analogous to the widely
studied iminobenzoquinones). Isatin Schiff base derivatives are
redox sensitve probes and undergo two quasi-reversible electron
reduction steps. The redox potentials can be varied by the
introduction of different substituents. The combination of these
molecules and redox active d-metals could lead to the discovery

of structurally interesting and catalytically active complexes.
Here, we obtained and structurally characterized sixteen novel
copper(II) and (I) complexes with ISBDs. Depending on the ligand
structure and copper oxidation state, two different types of
products with ISBDs were formed: mononuclear para- or
diamagnetic [Cu(L)2]Halx and neutral binuclear halo-bridged
[Cu2(m-Hal)2(L)2] diamagnetic species. The obtained complexes
showed the ability to catalyze the oxidation of a model sub-
strate, benzyl alcohol (BnOH), to the corresponding aldehyde,
suggesting that ISBD ligands can behave as non-innocent
ligands in combination with copper ions.

Optimization of ligand structures by introducing sub-
stituents and heteroatoms into the ligand core fragments or
increasing the chelation ability could potentialy solve the issue
of low redox stability of the complexes and increase their cata-
lytic efficiency.

Experimental section
Instrumental methods

Elemental analysis was performed on a Perkin Elmer 2400
Series II CHNS/O analyzer. Single crystals were selected for
data collection (Tables S2–S4, ESI†) under an optical micro-
scope, encased in an oil-based cryoprotectant and mounted on
cryoloops. Data for L2–L6, L9, C1, C2, C4–C8, C10, C12–C14,
C16 and C18 were collected using a Rigaku Oxford Diffraction
SuperNova diffractometer equipped with an Atlas CCD area
detector operated with monochromated microfocused CuKa

radiation (l[CuKa] = 1.54184 Å) and data for C3 and C11 were
collected using the same diffractometer operated with mono-
chromated microfocused MoKa radiation (l[MoKa] = 0.71073 Å).
Data for L7, L8, C15 and C17 were collected using a Rigaku
Oxford Diffraction Excalibur diffractometer equipped with an
Eos CCD area detector operated with monochromated MoKa

radiation. Data for C9 were collected using a Bruker Smart
diffractometer equipped with an Apex II CCD area detector
operated with monochromated MoKa radiation. Data were inte-
grated and corrected for background, Lorentz, and polarization
effects by means of the Bruker programs APEX2 and XPREP
(for C9) and the CrysAlisPro program complex (for the other
datasets). Absorption correction was applied using the empirical
spherical model within the SADABS program (for C9) and in the
CrysAlisPro program complex using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm (for
the other datasets). The unit-cell parameters (see Synthesis and
Tables S2–S4, ESI†) were refined by the least-squares techni-
ques. The structures were solved by direct methods and refined
using the SHELX programs incorporated in the OLEX2 program
package. The final models included coordinates and anisotro-
pic displacement parameters for all atoms. The carbon-bound
H atoms were placed in calculated positions and were included
in the refinement in the ‘riding’ model approximation, with
Uiso(H) set to 1.5Ueq(C) and a C–H bond length of 0.96 Å for the
CH3 groups, with Uiso(H) set to 1.2Ueq(C) and a C–H bond
length of 0.98 Å for the tertiary CH groups, and with Uiso(H) set

Table 5 1st peak potential values and formal potential E0 for electron
transfer for ligands in MeCN vs. Fc+/Fc

L1 L3 L4 L6 L7 L8 L9a

EC, V �1.62 �1.70 �1.73 �1.60 �1.76 �1.70 �1.57
E0, V �1.57 �1.66 �1.69 �1.56 �1.72 �1.66 �1.52

a Reaction of Cu(I) with the bulkier phenyl substituent in the 1st position
of L9 resulted in polymeric I-bridged (Cu� � �Cu 4.468 Å) complex C13
(Fig. S25, ESI) formation close to the one obtained in the reaction
between CdBr2 and L1.15

†† The presence of the double reduced L42� species was confirmed by negative
mode MS analysis (L42��H3O+ MW = 339.21) of the reaction between L4 and metal
sodium.
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to 1.2Ueq(C) and a N–H bond length of 0.93 Å for the CH groups
of the cyclic fragments. The positions of H atoms of H2O mole-
cules and OH� groups were localized from difference Fourier
maps and kept fixed during refinement. The FT-IR spectra were
recorded using pellets with KBr in the range of 4000–400 cm�1

on a Shimadzu IR-Affinity-1 spectrometer at rt. All 1H and 13C
NMR spectra were recorded on a Bruker Avance III spectro-
meter at 400.13 and 100.61 MHz at room temperature in
d3-MeCN. MS-spectra were recorded in positive mode in the
range of 100–1000 m/z with ESI ionization on a Shimadzu
Maxima-Resonance spectrometer. CV measurements were
carried out in a three-electrode cell. The glassy carbon disk,
1.6 mm in diameter, served as a working electrode. Platinum
mesh was used as a counter electrode. For the control potential
estimation and correct usage of CV data, preliminary experi-
ments were carried out in a 0.25 M Bu4NPF6 solution of CH3CN,
containing 5.4 mM ferrocene. The formal potential of the
reference redox system Fc/Fc+ in CH3CN measured relative to
the reference electrode (silver wire in 0.01 M AgNO3, 0.1 M
Bu4NPF6 in CH3CN) was 60 mV. The resistance of the solution
was estimated to be B0.1 kOhm in CH3CN. All the potential
values were corrected accounting for current resistance and
referred to the Fc/Fc+ redox system formal potential. DFT calcu-
lations were performed using the Gaussian 09 37 software
package; structures were optimized with the B3LYP cc-PVTZ
level of theory. The calculation of vibrational frequencies con-
firmed that all structures are in local minima on the potential
energy surface. Solvent-free microwave-assisted oxidation of
BnOH. Benzyl alcohol (2.5 mM), complexes C1, C7, C8 and C9
(5 mM, 0.2 mol% vs. substrate) and an aqueous solution of
t-BuOOH (5.0 mM, aq. 70%) were introduced into a cylindrical
Pyrex tube that was subsequently sealed. The tube was placed
in the MW reactor and the system was stirred and irradiated
(5–20 W) at 60 to 100 1C for 0.5 to 1.5 h (conditions for Table 3:
70 1C, 10 W, 0.5 h). In the experiments with additives, TEMPO
(2.5 mol% vs. substrate), K2CO3 (2.5 mol% vs. substrate) or
radical traps (2.5 mol% vs. substrate) were added to the reaction
mixture. After cooling to room temperature, 100 mL of cyclo-
pentanone (as an internal standard) and 2.0 mL of MeCN
(to extract the organics from the reaction mixture) were added.
This mixture was stirred for ca. 5 min and a sample of 1 mL was
subsequently taken from the organic phase and analysed using
GC on a FISONS Instruments GC 8000 series gas chromato-
graph with a DB-624 (J&W) capillary column (FID detector) and
the Jasco-Borwin v.1.50 software. The temperature of injection
was 240 1C. The initial temperature was maintained at 120 1C
for 1 min, then increased by 10 1C min�1 to 200 1C and held at
this temperature for 1 min. Helium was used as the carrier gas.
Reaction products were identified by comparison of their
retention times with known reference compounds. Control
experiments (no catalyst) were performed under the studied
reaction conditions and no conversion was detected. Molar
yield (%) based on substrate, i.e. moles of benzaldehyde per
100 moles of benzyl alcohol, was determined by GC. Turnover
frequency (TOF) = number of moles of benzaldehyde per mole
of catalyst per hour. Catalyst re-usability in consecutive runs

was tested by separating the used catalyst from the reaction
mixture by centrifugation followed by filtration of the super-
natant solution, washing with methanol and drying in air; the
new run was initiated by addition of fresh amounts of reagents
besides the catalyst. After completion of each run, the products
were analyzed by GC.

Synthesis

All necessary chemicals were of analytical grade and were used
without additional purification, unless otherwise stated.

Ligands
1-Methyl-3(phenylimino)indolinone-2-one (L1). The ligand

was prepared in an analogous way to a previously described
method.11,15 Briefly, in a round bottom flask equipped with a
Dean–Stark receiver, a solution of 3.0 g (18.5 mmol) of N-methyl-
isatin, 2.4 g (25 mM) of aniline and a catalytic amount of PTSA in
60 mL of toluene was refluxed for 6 h. The reaction mixture was
cooled, washed with water, dried by mixing with MgSO4 and
solvent evaporated in a vacuum. The crude precipitate was
purified by crystallization from ethanol. Yield 80%. IR (KBr)
n, cm�1: 1734 (nCQO), 1653 (nCQN). 1H NMR (CD3CN), d, ppm:
7.62 (dd, J = 7.4, 0.6 Hz, 0.18H), 7.54–7.43 (m, 1.75H), 7.42–7.31
(m, 1.13H), 7.30–7.24 (m, 0.79H), 7.18–7.09 (m, 0.36H), 7.02–
6.91 (m, 2.8H), 6.73 (td, J = 7.7, 0.9 Hz, 0.82 H), 6.47 (dd, J = 7.7,
0.6 Hz, 0.79H), 3.21 (s, 2.48H), 3.09 (s, 0.47H). 13C NMR
(CD3CN), d, ppm: 163.8, 155.7, 151.9, 149.4, 135.2, 135.0, 130.6,
129.5, 126.5, 126.0, 125.6, 123.9, 123.2, 120.0, 118.3, 116.6, 110.6,
110.1, 26.7, 26.3.

1-Methyl-3(2-hydroxy-phenylimino)indolinone-2-one (L2). IR (KBr)
n, cm�1: 1701 (nCQO), 1608 (nCQN). MS (ESI), m/z (%): [M + H]+

253.09, [M + Na]+ 254.09. Prismatic orange crystals suitable for
X-ray diffraction analysis were obtained after crystallization from
a toluene : hexane 1 : 1 mixture at 4 1C. C15H12N2O2, P21/c,
a = 10.1494(6), b = 7.7078(5), c = 15.2882(7) Å, b = 101.259(6)1,
V = 1172.97 Å3, Z = 4, R1 = 0.037, CCDC 1412864.†

1-Methyl-3(2,6-dimethyl-phenylimino)indolinone-2-one (L3). IR
(KBr) n, cm�1: 1733 (nCQO), 1653 (nCQN). ESI (MeOH): 265.13
[M + H], 267.12 [M + Na]. 1H NMR (CDCl3), d, ppm: 7.40 (td, J =
7.8, 1.2 Hz, 1H), 7.14 (d, J = 7.5 Hz, 2H), 7.07 (m, 1H), 6.96 (d, J =
7.9 Hz, 1H), 6.74 (td, J = 7.6, 0.7 Hz, 1H), 6.24 (dd, J = 7.6, 0.5 Hz,
1H), 6.24 (dd, J = 7.6, 0.5 Hz, 1H), 3.23 (s, 3H), 3.09 (s, 3H),
1.96 (s, 6H). 13C NMR (CD3CN), d, ppm: 163.6, 156.4, 149.4,
148.9, 135.5, 129.3, 125.3, 125.0, 123.7, 117.4, 110.5, 26.7, 17.9.
C17H16N2O, C2/c, a = 13.6078(3), b = 19.5284(6), c = 11.3494(3) Å,
b = 108.884(3)1, V = 2853.64 Å3, Z = 8, R1 = 0.038, CCDC
#1538859.†

1-Methyl-3(2,6-diisopropyl-phenylimino)indolinone-2-one (L4).
IR (KBr) n, cm�1: 1725 (nCQO), 1663 (nCQN). ESI (MeOH):
321.20 [M + H], 343.18 [M + Na]. 1H NMR (CD3CN), d, ppm:
7.39 (td, J = 7.8, 1.1 Hz, 1H), 7.31–7.15 (m, 3H), 6.97 (d, J =
7.9 Hz, 1H), 6.73–6.69 (m, 1H), 6.20 (d, J = 7.2 Hz, 1H), 3.24 (s,
3H), 3.09 (s, 3H), 2.73 (sep, J = 13.7, 6.9 Hz, 2H), 1.11 (d, J =
6.8 Hz, 6H), 0.95 (d, J = 6.9 Hz, 6H) (E/Z ratio – 14 : 1). 13C NMR
(CD3CN), d, ppm: 163.5, 156.8, 149.1, 135.5, 126.2, 126.0, 124.6,
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123.4, 117.3, 110.6, 29.1, 26.7, 23.6, 23.3. C21H24N2O, P21/c,
a = 8.47970(10), b = 15.0831(2), c = 28.0078(4) Å, b = 93.3600(10)1,
V = 3576.04 Å3, Z = 8, R1 = 0.038, CCDC #1538860.†

1-Methyl-3(phenylimino)-5-bromo-indolinone-2-one (L5). IR
(KBr) n, cm�1: 1729 (nCQO), 1653 (nCQN). MS (ESI), m/z (%):
339.12.09, 254.09. 1H NMR (CD3CN), d, ppm: 7.79–7.75, 7.68–
7.64, 7.53–7.48, 7.37–7.30, 7.17, 7.01–6.96, 6.95–6.89 (m, 6.69H),
6.5 (d, J = 6.8 Hz), 3.21 (s, 2.19 H), 3.09 (s, 0.56 H). 13C NMR
(CD3CN), d, ppm: 151.5, 148.6, 137.5, 130.8, 129.6, 129.0, 126.5,
120.1, 118.3, 114.9, 112.6, 26.9. C15H11BrN2O, C2/c, a = 8.1114(2),
b = 16.2246(4), c = 19.1312(4) Å, b = 95.696(2)1, V = 2505.32 Å3,
Z = 8, R1 = 0.035, CCDC #1538858.†

1-Methyl-3(phenylimino)-5-methyl-indolinone-2-one (L6). IR
(KBr) n, cm�1: 1737 (nCQO), 1646 (nCQN). MS (ESI), m/z (%):
271.118, 273.100. 1H NMR (CD3CN), d, ppm: 7.53–7.41, 7.39–
7.06, 6.99–6.93, 6.66–6.63 (m), 6.28 (s, br), 3.19 (s, J = 6.2 Hz,
12H), 3.14 (s, 2H), 3.07 (s, 3H), 2.00 (s, 13H). 13C NMR (CD3CN),
d, ppm: 207.5, 163.9, 155.9, 151.9, 147.3, 139.7, 135.5, 132.7,
130.6, 130.1, 129.9, 127.1, 126.0, 125.5, 123.7, 119.9, 118.3, 115.6,
112.1, 110.9, 110.5, 110.0, 89.9, 89.6, 30.9, 26.7, 20.8. C16 H14 N2
O1, P21/m, a = 9.0075(8), b = 6.8883(8), c = 10.3867(11) Å, b =
98.932(8)1, V = 636.642 Å3, Z = 2, R1 = 0.070, CCDC 1538861.†

1-Methyl-3(2,4,6-trimethyl-phenylimino)-indolinone-2-one (L7).
IR (KBr) n, cm�1: 1729 (nCQO), 1656 (nCQN). MS (ESI), m/z (%):
279.150. 1H NMR (CD3CN), d, ppm: 7.39 (td, J = 7.8, 1.2 Hz, 1H),
6.96 (s, 2.5H), 6.94 (s, 0.5H), 6.74 (td, J = 7.6, 8.0 Hz, 1H), 6.31
(dd, J = 7.6, 0.6 Hz, 1H), 6.31 (dd, J = 7.6, 0.6 Hz, 1H), 3.22 (s,
3H), 2.30 (s, 3H), 1.92 (s, 6H). 13C NMR (CD3CN), d, ppm: 163.6,
156.6, 148.9, 147.0, 135.4, 134.8, 130.0, 125.4, 124.9, 123.7,
117.5, 110.5, 26.7, 20.9, 17.8.

C18H18N2O2, P21/c, a = 6.9194(4), b = 8.6089(5), c =
24.9101(16) Å, b = 96.141(6)1, V = 1475.34 Å3, Z = 4, R1 =
0.044, CCDC 1538862.†

1-Isopropyl-3(phenylimino)indolinone-2-one (L8). IR (KBr) n, cm�1:
1724 (nCQO), 1662 (nCQN). MS (ESI), m/z (%): 265.134, 287.116.
1H NMR (CD3CN), d, ppm: 7.64 (dd, J = 7.4, 0.6 Hz, 0.18H), 7.52–
7.42 (m, 1.72H), 7.39–7.30 (m, 1.13H), 7.30–7.22 (m, 0.77H),
7.18–7.06 (m, 1.37H), 6.99–6.91 (m, 1.87H), 6.70 (td, J = 7.7,
0.8 Hz, 0.8H), 6.48 (dd, J = 7.7, 0.9 Hz, 0.8H), 4.57 (hept, J =
7.0 Hz, 0.8H), 4.49–4.37 (m, 0.2H), 1.50 (d, J = 7.0 Hz, 4.75H),
1.42 (d, J = 7.0 Hz, 1H). 13C NMR (101 MHz, CD3CN), d, ppm:
163.4, 155.8, 152.0, 148.3, 134.9, 130.6, 129.4, 126.8, 125.9,
123.5, 122.7, 119.7, 118.1, 117.1, 111.9, 111.5, 45.3, 45.0, 19.5.
C17H16N2O, Pna21, a = 9.6713(4), b = 9.0619(4), c = 15.8838(7) Å,
V = 1392.06 Å3, Z = 4, R1 = 0.030, CCDC 1538863.†

1-Phenyl-3(phenylimino)indolinone-2-one (L9). IR (KBr) n, cm�1 :
1737 (nCQO), 1653 (nCQN). MS (ESI), m/z (%): 299.119, 321.101.
1H NMR (CD3CN), d, ppm: 7.73 (dd, J = 7.5, 0.7 Hz, 0.18H), 7.61
(dd, J = 10.7, 4.5 Hz, 1.71H), 7.53–7.39 (m, 4.99H), 7.38–7.25 (m,
1.97H), 7.23–7.12 (m, 0.33H), 7.09–6.98 (m, 1.97H), 6.79 (td, J =
6.9, 3.2 Hz, 1.83H), 6.59 (dd, J = 7.9, 1.0 Hz, 0.82H). 13C NMR
(CD3CN), d, ppm: 163.3, 155.4, 151.9, 149.3, 135.1, 135.0, 134.9,
130.9, 129.6, 129.5, 129.4, 127.8, 127.6, 126.8, 126.2, 124.5,

123.7, 120.0, 116.8, 111.4, 110.9. C20H14N2O2, P%1, a = 9.9809(7),
b = 10.7407(4), c = 14.9870(10) Å, a = 73.451(5)1, b = 78.454(6)1,
g = 86.790(4)1, V = 1508.92 Å3, Z = 4, R1 = 0.044, CCDC 1538865.†

Complexes
[Cu(L1)2](Cl)2 (C1). A methanol solution containing 500 mg

(3 mmol) of CuCl2�2H2O was mixed with a methanol solution
containing 1.38 mg (6 mmol) of L1. The mixture was mixed for
1 h and filtered. The formed dark brown complex solution was
left for crystallization at r.t. for several days to form small
prismatic crystals of [Cu(L1)2]Cl2. Yield: 90%. MW = 606.99.
Calculated for C30H24Cl2CuN4O2– C (59,36), H (3,99), N (9,23);
estimated – C (59,36), H (3,99), N (9,23). IR (KBr) n, cm�1: 1728
(nC=O), 1659 (nCQN). ESI (MeOH), m/z: 608.06 [M]+, 570.088
[M � Cl]+, 535.11 [M � 2Cl]+. C30H24Cl2CuN4O2, P%1, a = 8.0870(8),
b = 9.2417(10), c = 9.6103(10) Å, a = 75.944(9)1, b = 75.005(9)1, g =
79.112(9)1, V = 666.903 Å3, Z = 1, R1 = 0.028, CCDC #1538868.†

[Cu2(m-Cl)2(L7)2] (C2). A methanol solution containing 500 mg
(3 mmol) of CuCl2�2H2O was mixed with a MeOH solution
containing 820 mg (3 mmol) of L7. To the resulting brown
colored solution, 1.55 mL of 10% iPrSH (3 mmol) methanol
solution was gradually (to prevent copper(I) thiolate formation)
added to the complex C1. The color changed from brown to dark
green. The mixture was stirred for 1 h and filtered. The resulting
solution was allowed to evaporate for 24 h, resulting in dark
green crystalline product formation of binuclear complex
[Cu2(m-Cl)2(L7)2]. MW = 754.59. IR (KBr) n, cm�1: 1718 (nCQO).
C36H36Cl2Cu2N4O2, P21/c, a = 15.435(8), b = 8.1831(15) c =
14.316(6) Å, b = 114.64(5)1, V = 1643.55 Å3, Z = 2, R1 = 0.145,
CCDC #1538877.†

[Cu2(m-Br)2(L7)2] (C3). Th complex was prepared by two
methods:

(A) A MeCN solution containing 500 mg of CuBr (3.5 mmol)
was mixed with acetonitrile solution containing 1 g (3.5 mmol)
of L7, and the resulting solution was stirred for 1 h, filtered
and allowed to slowly evaporate. In 24 h, thin plate crystals
of [Cu2(m-Br)2(L7)2] were formed on the walls of the beaker.
MW = 843.60. Calculated for C36H36Br2Cu2N4O2 – C (51,25),
H (4,30), N (6,64); estimated – C (50,67), H (3,36), N (6,71). IR (KBr)
n, cm�1: 1717 (nCQO). C36H36Br2Cu2N4O2, P21/c, a = 15.4205(6),
b = 7.92427(19), c = 14.7380(5) Å, b = 112.819(4)1, V = 1659.98 Å3,
Z = 2, R1 = 0.033, CCDC #1538873.†

(B) To a methanol solution containing 500 mg (2.2 mmol)
of CuBr2, L7 dissolved in MeOH was gradually added under
slight heating. Reaction resulted in the formation of dark-green
crystals of the binuclear complex with the same crystal struc-
ture parameters.

[Cu2(m-Br)2(L3)2] (C4). The complex was prepared in a similar
way (both methods worked) to C3. MW = 815.54. Calculated for
C34H32Br2Cu2N4O2 – C (50,07), H (3,95), N (6,87); estimated – C
(50.12), H (3,94), N (7,36). IR (KBr) n, cm�1: 1717 (nCQO). ESI
(MeOH), m/z: 591.1803 [M � 2Br]+, 735.0265 [M � Br]+.
C34H32Br2Cu2N4O2, P2/c, a = 26.9791(11), b = 8.2871(3), c =
14.1074(5) Å, b = 94.972(3)1, V = 3142.24 Å3, Z = 4, R1 = 0.039,
CCDC #1538881.†
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[Cu2(m-Br)2(L4)2] (C5). The complex was prepared in a similar
way as that described for C3. MW = 927.76. Calculated for
C42H48Br2Cu2N4O2 – C (54,37), H (5,21), N (6,04); estimated – C
(57.21), H (5,9), N (5,9). IR (KBr) n, cm�1: 1722 (nCQO). ESI
(MeOH), m/z: 703.3065 [M � 2Br]+, m/z 424.14 {Cu(L4)MeCN}+.
C21H24Br0.3Cu0.3N2O, C21H24Br0.7Cu0.7N2O2, P%1, a = 11.0842(4),
b = 11.7852(5), c = 17.1333(5) Å, a = 99.747(3), b = 108.723(3), g =
102.672(3)1, V = 1997.24 Å3, Z = 2, R1 = 0.049, CCDC #1538878.†

[Cu2(m-Br)2(L5)2] (C6). The complex was prepared similarly to
C3 from CuBr and L5. MW = 917.23 IR (KBr) n, cm�1 : 1724
(nCQO). ESI (MeOH), m/z: 690.9406 [2L5 + Cu]+. C30H22Br4Cu2N4O2,
P%1, a = 8.5542(4), b = 9.5043(6), c = 10.1464(4) Å, a = 90.501(4), b =
96.474(4), g = 115.484(6)1, V = 738.402 Å3, Z = 1, R1 = 0.034, CCDC
#1538883.†

[Cu2(m-Br)2(L6)2] (C7). The complex was prepared similarly
to C3 from CuBr and L6. MW = 787.49 IR (KBr) n, cm�1:
1717 (nCQO). ESI (MeOH), m/z: 706.9965 [M � Br]+, 563.1490
[M � 2Br]+. C32H28Br2Cu2N4O2, P%1, a = 8.6213(4), b = 9.3911(5),
c = 10.1721(4) Å, a = 90.122(4), b = 97.663(3), g = 115.574(5)1, V =
734.605 Å3, Z = 1, R1 = 0.035, CCDC #1538876.†

[Cu(L6)2]Cl2 (C8). The complex was prepared similarly to C1.
MW = 635.04. IR (KBr) n, cm�1: 1729 (nCQO), 1657 (nCQN).
C32H28Cl2CuN4O2, P%1, a = 8.9050(7), b = 9.2277(4), c = 9.8071(7) Å,
a = 74.790(5), b = 65.400(7), g = 76.151(5)1, V = 699.242 Å3, Z = 1,
R1 = 0.039, CCDC #1538871.†

[Cu(L1)2]Br (C9). The complex was prepared similarly to C1.
MW = 615.99. IR (KBr) n, cm�1: 1718 (nCQO). ESI (MeOH), m/z:
299.083 [Cu(L1)]+, 535.118 [M� Br]+. XRD: C2/c, a = 17.9841(19),
b = 6.9520(8), c = 21.036(2) Å, b = 91.011(2), V = 2629.63 Å3, Z = 4,
R1 = 0.039, CCDC #1538874.†

[Cu(L1)2]I (C10). An acetonitrile solution containing 100 mg
(4 mmol) of CuSO4 was mixed with 190 mg (8 mmol) of L1. To
the obtained brown-colored complex solution, 70 mg (4 mmol)
of KI in MeCN was added to reduce the Cu(II) ions. Upon the
addition of I� ions, the reaction mixture turned a dark-magenta
color; it was filtered and left for a week for product crystal-
lization. Yield B 80%. MW = 662.99. IR (KBr) n, cm�1: 1717
(nCQO). ESI (MeOH), m/z: 535.121 [Cu(L1)2]+. XRD, C2/c, a =
17.9067(5), b = 6.9140(2), c = 21.1065(7) Å, b = 90.872(3)1, V =
2612.83 Å3, Z = 3, R1 = 0.031, CCDC #1538872.†

[Cu(L7)2(MeCN)](BF4) (C11) was prepared similarly to C1
from [Cu(MeCN)](BF4) and L7 in MeCN. MW = 748.10. IR
(KBr) n, cm�1: 1720 (nCQO). C38H39BCuF4N5O2.3, P21/n, a =
12.8485(3), b = 14.2133(3), c = 21.2613(5) Å, b = 06.297(2)1, V =
3726.72 Å3, Z = 4, R1 = 0.049, CCDC #1538866.†

[Cu(L2)2]Br (C12) was prepared similarly to C1 from CuBr
and L2 in MeOH. MW = 615.99. Calculated for C30H24BrCuN4O4 –
C (58,49), H (3,93), N (9,10); estimated – C (59,36), H (3,99), N
(9,23). IR (KBr) n, cm�1: 1728 (nCQO). ESI (MeOH), m/z: 669.01
[M � Br � Na]+. C30H24BrCuN4O4, C2/c, a = 17.9161(9), b =
6.9866(5), c = 21.0116(9) Å, b = 91.316(5)1, V = 2629.38 Å3, Z = 4,
R1 = 0.076, CCDC #1538870.†

[Cu(m-I)(L9)]n (C13). The complex was obtained by a gradual
mixture of MeCN solutions containing equimolar amounts of
CuI and L9. The resulting magenta colored solution was filtered
and allowed to evaporate and form prismatic crystals of a binuclear
complex. MW = 488.77. IR (KBr) n (nCQO), cm�1: 1742, 1730, 1718.
C20H14CuIN2O, P21/c, a = 12.7900(8), b = 17.0969(8), c = 7.9810(5) Å,
b = 102.964(7)1, V = 1700.72(18) Å3, Z = 4, R1 = 0.051, CCDC
#1538882.†

[Cu2(m-I)2(L7)2] (C14). The complex was obtained similarly to
C13. The resulting magenta colored solution was filtered and
allowed to evaporate and form prismatic crystals of a binuclear
complex. MW = 937.60. Calculated for C36H36Cu2I2N4O2 – C
(46,11), H (3,87), N (5,98); estimated – C (45.54), H (3,86),
N (6,11). IR (KBr) n, cm�1: 1715 (nCQO). ESI (MeOH), m/z:
619.2110 [M � 2l]+. C36H36Cu2I2N4O2, P21/c, a = 15.5090(16),
b = 7.8740(9), c = 15.023(2) Å, b = 111.451(14)1, V = 1707.5 Å3, Z = 2,
R1 = 0.071, CCDC #1538875.†

[Cu2(m-I)2(L1)2] (C15). The complex was prepared similarly to
C14. MW = 853.45. IR (KBr) n, cm�1: 1720 (nCQO). ESI (MeOH),
m/z: 724.9643 [M � I]+, 535.1201 [M � 2I], 299.02 {[Cu(L1)]}+.
XRD: P%1, a = 8.5695(9), b = 9.3493(7), c = 10.6986(11) Å, a =
74.782(9), b = 75.057(9), g = 63.915(10)1, V = 732.754 Å3, Z = 2, R1 =
0.033, CCDC #1538879.† IR (KBr) n, cm�1: 1717 (nCQO). 1H NMR, d,
ppm: 7.64 (m, 0.23H), 7.53–7.27 (set of multiplets, 4.44H), 7.13 (m,
0.35H), 7.01–6.95 (m, 3.28), 6.75 (td, J = 7.7, 0.8 Hz, 9H). 13C NMR, d,
ppm: 163.9, 155.7, 151.5, 149.5, 135.0, 130.6, 129.5, 126.5, 126.3,
125.6, 123.9, 123.3, 119.9, 118.6, 116.7, 110.8, 110.1, 26.8, 26.3.

[Cu2(m-I)2(L3)2] (C16). The complex was prepared similarly to
C14. MW = 909.54. Calculated for C34H32Cu2I2N4O2 – C (44,90),
H (3,55), N (6,16); estimated – C (45.02), H (3,12), N (6.47). IR
(KBr) n, cm�1: 1713 (nCQO). ESI (MeOH), m/z: 591.1807 [M �
2Cl]+. C34H32Cu2I2N4O2, C2/c, a = 27.2980(4), b = 8.22746(15), c =
14.3942(3) Å, b = 93.2951(13)1, V = 3227.49 Å3, Z = 4, R1 = 0.035,
CCDC 1538880.†
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