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Abstract

Four copper(II) complexes with the ligands bearing two or three alkylpyridine pendant arms attached to an ethylene diamine
framework were isolated in pure form (four-coordinate species as perchlorates, and five-coordinate species as hexafluorophos-
phates). Three complexes and one tosylated ligand were characterized by X-ray diffraction. In the absence of additional mono-
or bidentate ligands, linear tetradentate aminopyridines form distorted square-planar complexes with copper(II). This coordina-
tion mode is different from cis-configurations adopted by aminopyridine ligands in octahedral complexes. The degree of the
tetrahedral distortion, caused by steric repulsion between pyridine rings, increases with an increase in the chelate ring sizes (555
vs. 656 sequence). Nearly planar arrangement of the two amine nitrogens and two pyridine nitrogens is retained in the
five-coordinate copper(II) complex with a pentadentate ligand, in which the fifth pyridine donor occupies an axial position. EPR
parameters of the four-coordinated aminopyridine complexes are very similar to those of the tetraamine species, and do not
depend significantly on the degree of the tetrahedral distortion. Introducing of a fifth nitrogen donor in the long ethylpyridine
pendant arm causes some weakening of the equatorial ligand field, as reflected in EPR parameters (an increase in g// and a
decrease in A//). The Cu(II)/Cu(I) redox potentials of the four-coordinate complexes increase with an increase in the chelate ring
size, and with the alkylation of the amine nitrogen donors. A relatively weak coordination of the fifth pyridine nitrogen increases
the redox potential of the Cu(II)/Cu(I) couple by 85–156 mV. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Continued interest in studying structure–property
relationships in copper(II) coordination chemistry origi-
nates from the need to understand and mimic functions
of different families of copper proteins. In particular,
significant attention was paid to the influence of the
degree of tetrahedral distortion in four-coordinate cop-
per complexes on their redox potentials and EPR spec-

tral parameters [1–3]. These studies were aimed
originally at explaining very unusual properties of blue
copper (type I) proteins (their high redox potentials,
intense absorption in the visible region, and small val-
ues of A// in the EPR spectra) [4]. The presence of
sulfur donors in the copper coordination sphere (N2S2

donor set is typical of blue copper proteins) along with
significant tetrahedral distortion of coordination poly-
hedra account for such unusual properties [1,2,5,6].

The spectral and redox properties of type II copper
proteins, which are more similar to traditional polyaza
copper(II) complexes, can also be tuned by modifying
the number and type of nitrogen donors bound to the
central metal ion, and by distortions from tetragonal
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coordination geometries. Nitrogen donors dominate in
the copper coordination sphere in type II proteins,
forming four- or five-coordinate chromophores [7,8].
The fifth coordination site at the copper ion is believed
to be involved in substrate binding. This site is vacant
in four-coordinate species, and should easily be vacated
in five-coordinate complexes, thus suggesting the coor-
dination of a labile ligand in the fifth position.

An interest in pentadentate model ligands has
emerged recently, and a growing number of five-coordi-
nate copper(II) complexes with such ligands have been
synthesized [9–13]. Five-coordinate copper(II) was also
found in its complexes with bleomycin, an antibiotic
and anti-cancer drug [14], and with bleomycin models
[11,15–17]. A direct comparison between four- and
five-coordinate complexes of similar structure is, how-
ever, scarce. In particular, the only example of acyclic
diamine ligands with appended arms appears to be a
series of benzimidazole containing compounds (two
examples are shown in Fig. 1) [10,18], where the pres-
ence of a fifth donor decreases equatorial ligand field
and increases the Cu(II)/Cu(I) redox potentials [10].

In this paper, we report the synthesis and characteri-
zation of a series of copper(II) complexes with tetra-
and pentadentate aminopyridine ligands L1–L5 (Fig.
1). Substituted aminopyridine ligands are promising in
the design of chiral stereo selective reagents and cata-
lysts [19,20]. Additional interest in studying pentaden-
tate ligands bearing pyridine arms stems from their
applications, in the form of iron complexes, for perox-
ide activation at five-coordinate iron centers [21–31].
Thus, developing of simple synthetic approaches to
such ligands and complexes is desirable, and isolating
the ligands in the form of their copper(II) complexes is
suggested as such a convenient approach.

Although pyridine groups are often used in synthetic
model complexes as adequate replacement of hetero-
cyclic nitrogen donors (usually, imidazole of pyrimidine
derivatives), limited data are available on the structure
and properties of copper(II) complexes with linear te-
tradentate aminopyridine ligands [19,32–38]. More-
over, systematic studies on spectral and redox
properties of four-coordinate aminopyridine copper(II)
complexes [33,36] were not supported by structural
information for the same compounds, which did not
allow for the inclusion of the aminopyridine ligands in
structure-property correlations [2].

The crystal structures for [Cu(L1)](ClO4)2 and
[Cu(L5)](ClO4)2 reported here, along with their EPR,
UV–Vis, and electrochemical characteristics, will sup-
plement previously published data for related cop-
per(II) complexes and will allow for direct comparison
between structural features and properties for this class
of complexes. For the most distorted complex in the
series, [Cu(L1)](ClO4)2, the structure of the ligand tosy-
late (L2) has also been determined, in order to analyze
possible changes in ligand metric parameters upon its
complexation with copper(II). We also report five-coor-
dinate analogs of [Cu(L1)](ClO4)2, the complexes
[Cu(L3)](PF6)2 and [Cu(L4)](PF6)2, having three pyri-
dine donor groups appended to an ethylenediamine
framework. Long, flexible linkages between the amine
donors and the pyridine rings were chosen in order to
facilitate the dissociation of a fifth ligand in the com-
plex. It is known that long pendant arms tend to form
thermodynamically less stable complexes than their
shorter analogs [6,39–44], which is important for mod-
eling the metalloprotein functions.

The results reported herein help in analyzing the
influence of the following factors on redox and spectral
properties of copper(II) complexes with aminopyridine
ligands: (1) the degree of tetrahedral distortion in four-
coordinate complexes; (2) the presence of an additional
pyridine-containing pendant arm in five-coordinate
complexes as compared to their four-coordinate
analogs; (3) the alkylation of amine donors.

2. Experimental

All reagents and solvents (reagent grade or better)
were used as received. High purity dry dimethylsulfox-
ide and acetonitrile (Aldrich) were used for electro-
chemical experiments.

N,N �-ditosyl ethylene diamine was obtained by pub-
lished procedure [45,46], recrystallized from methanol,
and transformed into its disodium salt by interaction
with sodium methoxide in dry ethanol [45].

The ligand L5 and its copper(II) complex
[Cu(L5)](ClO4)2 were synthesized according to the pro-
cedures by Goodwin and Lions [47].Fig. 1. Aminopyridine ligands and their analogs.
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2.1. Synthesis of 2,6-bis(hydroxyethyl)pyridine
ditosylate

Method A (modification of the synthesis of 1,2-di(p-
toluenesulfonyloxy)ethane described by Searle and
Geue [48]). 2-(2-Hydroxyethyl)pyridine (0.2. mol) (24.6.
g, 22.6 ml) was dissolved in 100 ml of pyridine and
cooled on an ice bath. Solid tosyl chloride (40 g, 0.21
mol) was added slowly, upon stirring, at such a rate
that the temperature did not exceed 30 °C over a
period of 3 h. The color of the solution turned yellow
gradually, and a white precipitate started to form in
about 2 h. After the addition of tosyl chloride was
complete, 50 ml of pyridine were added to the reaction
mixture, and the mixture was stirred overnight (during
this time, the mixture slowly reached ambient tempera-
ture). The precipitate was filtered off (it consists pri-
marily of a mixture of pyridine hydrochloride,
2,6-bis(hydroxyethyl)pyridine hydrochloride, and 2,6-
bis(hydroxyethyl)pyridine ditosylate hydrochloride),
and the filtrate was mixed with ice (ca. 1 kg) and
refrigerated for 5 h. White solid product precipitated
out and was filtered, washed with large amount of cold
water, and dried in vacuum. Yield 17.1 g (31%). 1H
NMR (CDCl3): 8.35 (d, 1H), 7.57 (d, 2H), 7.46 (t, 1H),
7.17 (d, 2H), 7.05 (m, 2H), 4.32 (t, 2H), 3.00 (t, 2H),
2.35 (s, 3H) ppm.

Method B (a modification of the procedure proposed
by Bradshaw et al. for the synthesis of pyridine-2,6-
dimethanol ditosylate [49]). The reaction was run under
N2. Powdered KOH (20 g) was suspended in 175 ml of
dry THF, and 22.6 ml (24.6 g, 0.20 mol) of 2-hydrox-
yethylpyridine were added. The mixture was cooled
down to −5 °C in an ice-salt bath, and a solution of
43.5 g of tosyl chloride in 150 ml of dry THF was
added dropwise, upon stirring, at such a rate that the
temperature did not exceed 0 °C. During the addition,
which took 5 h, white foamy precipitate was forming
on the surface of the reaction mixture, while the bulk of
the solution turned pink, and then purple. After the
addition of tosyl chloride was complete, the reaction
mixture was stirred for 5 h at 0 °C, and then left at
room temperature overnight. The precipitate was
filtered off and washed with THF. The combined THF
solutions were rotary evaporated to dryness, leaving
purple oil, which solidified in 2 h. It was redissolved in
pyridine and poured on ice, leading to formation of
pink precipitate. This precipitate was filtered, washed
with cold water, and dried in vacuum. According to
proton NMR, it consists primarily of the target
product, with an admixture of vinyl-type byproducts.
The material was dissolved in a minimum amount of
ether, an undissolved brown material was separated
out, and petroleum ether was slowly added to the clear
ether solution, leading to crystallization of white solid,
which was filtered, washed with petroleum ether and

dried in vacuum. Yield 14.4 g (26%). The product was
pure as judged by proton NMR, but did not give
satisfactory elemental analysis and slowly decomposed
upon storage, producing yellow oil within several
weeks. The oil contains significant fraction of the mate-
rial insoluble in ether, which appears to be primarily
p-toluenesulfonate of 2-hydroxyethylpyridine (appar-
ently, formed by hydrolysis). 1H NMR of an insoluble
product (CDCl3): 8.79 (d, 1H), 8.27 (t, 1H), 7.78 (m, 6
H), 7.62 (d, 2H), 7.25 (d, 2H), 7.12 (d, 2H), 4.46 (t, 2H),
3.50 (t, 2H), 2.40 (s, 3H) ppm. Yellow oil can be
purified by recrystallization from ether of a ether–chlo-
roform mixture, producing the white target product
(recrystallization yield ca. 20%). Analytically pure ma-
terial was obtained from this product by recrystallizing
it twice from ether–petroleum ether. Anal. Found (%):
C, 60.98; H, 5.62; N, 4.88. Calc. for C14H15NSO3 (%):
C, 60.63; H, 5.45; N, 5.05%.

2.2. Synthesis of
N,N �-ditosyl-bis(2-ethylpyridine)ethylenediamine (L2, I)

N,N � - Ditosyl - bis(2 - ethylpyridine)ethylenediamine
(L2, I) was synthesized by a modification of a Rich-
man–Atkins procedure [50] (Fig. 2). Ethylene diamine
ditosylate disodium salt (1.23 g) was suspended in 40 ml
of dry DMP under nitrogen, and heated to 60 °C. Solid
bis(hydroxyethyl)pyridine ditosylate (1.65 g) was added
in several portions upon stirring. The components of
the reaction mixture dissolved within several minutes,
yielding brown solution. The temperature was increased
gradually to 105 °C, and the reaction mixture was
stirred at this temperature (under N2) for 4 h. Most of
the solvent was removed by rotary evaporation, the
residue was mixed with a large excess of ice water,
producing gummy solid. It was separated, dissolved in
methylene chloride and dried with Na2SO4. The solvent
was removed by rotary evaporation, and white solid
residue was recrystallized twice from ethanol. Yield
0.35 g (20%). Anal. Found (%): C, 62.58; H, 6.17; N,
9.42. Calc. for C30H34N4S2O4 (%): C, 62.26; H, 5.92; N,
9.68%. 1H NMR (CDCl3): 8.46 (d, 2H), 7.65 (d, 4H),
7.52 (t, 2H), 7.21 (d, 4H), 7.14 (d, 2H), 7.07 (m, 2H),
3.46 (t, 4H), 3.19 (s, 6H), 3.02 (t, 4H), 2.41 (s, 4H).

2.3. Synthesis of [Cu(L1)](ClO4)2 (II)

The complex [Cu(L1)](ClO4)2 (II) was synthesized
according to the procedure described by Phillip et al.
[32] and recrystallized twice from water (the peak M=
438, corresponding to [Cu(L3)]2+ complex, was present
in the FAB mass spectrum of the complex prior to
recrystallization). Alternatively, the condensation be-
tween vinyl pyridine and ethylene diamine was run
under conditions suggested by Proft et al. [51], and the
mixture of aminopyridyl products was fractionally dis-
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Fig. 2. Synthesis of the tosylated tetradentate ligand (Etpy)2Ts2en (L2).

tilled in vacuum (1 torr). Five fractions were collected,
with the boiling points of 80–140, 160–180, 190–200,
200–220 and 230–245 °C. According to proton NMR
and GS-MS data, all of these fractions contained mix-
tures of products, the fractions 2 and 3 were enriched in
monoand disubstituted products (Etpyen, (Etpy)2en
and iso-(Etpy)2en, Fig. 3), and the remaining high-boil-
ing fractions contained di-, tri- (fraction 4) and tetra-
(fraction 5) substituted ligands. In order to avoid possi-
ble admixtures of five-coordinate complex [Cu(L3)]2+,
the four-coordinate compound was synthesized from
fraction 2 (b.p. 160–180 °C). Fraction 2 (a mixture of
Etpyen, (Etpy)2en and iso-(Etpy)2en) (1.4 g) was dis-
solved in 10 g of ethanol. Cu(ClO4)2×6H2O (1.9 g) was
dissolved in 10 ml of water, and this solution was
heated to 60 °C. A solution of amines was added to
this solution of the copper(II) perchlorate upon stirring,
the reaction mixture was stirred at 60 °C for 30 min,
and was cooled to ambient temperature and placed in a
refrigerator. In 12 h, deep blue crystals were filtered,
washed with small amounts of cold water, ethanol, and
dried in vacuum. Yield 0.98 g (37%). Analytically pure
sample was obtained after recrystallization from etha-
nol–water (1:1). Anal. Found (%): C, 36.38; H, 4.18; N,
10.46. Calc. for C16H22N4CuCl2O8 (%): C, 36.07; H,
4.16; N, 10.52%. Mass spectrum (electrospray,
methanol): 333 ([Cu(L1)]+; isotopic pattern corre-
sponds to the proposed formulation); 432
([Cu(L1)ClO4]+; isotopic pattern corresponds to the
proposed formulation).

2.4. Synthesis of [Cu(L3)](PF6)2

The compound was prepared using a variation of the
procedure outlined by Phillip et al. [32]. Vinyl pyridine
(26 g, 0.25 mol) and 7.5 g (0.125 mol) of ethylene
diamine in ethanol (100 ml) and glacial acetic acid (3 g)
were refluxed under nitrogen for 20 h. The resulting
solution was mixed with 6.9 g of CuCl2×2H2O in 60
ml of water, and a small excess of NH4PF6 (14 g) was
added. The resulting deep-blue solution was placed in a
refrigerator for two days. The royal-blue microcrys-
talline product (5.8 g) was filtered, washed with small
amounts of water, then with ethanol, and dried in
vacuum. Additional amount of the product crystallized
from the filtrate upon staying in a refrigerator for 10

days (4.2 g). Total yield 10 g (34%, based on copper
chloride). Anal. Found (%): C, 37.54; H, 4.24; N, 9.37.
Calc. for C23H29N5CuP2F12 (%): C, 37.89; H, 4.01; N,
9.61. Mass-spectrum (FAB, NBA/acetonitrile): 438
([Cu(L3)]+, isotopic pattern corresponds to proposed
formulation); 457 (Cu(L3)F+), 583 (Cu(L3)PF6

+).
The same compound was prepared, substituting an

equivalent amount of Cu(NO3)2×2.5H2O for CuCl2×
2H2O. The first crop of the product was isolated as blue
powder (5.7 g), and the second crop formed large, dark
blue shiny crystals (6.3 g). Total yield 41% (based on
copper nitrate). IR, UV–Vis, and FAB mass-spectrum
data are identical for the products prepared from the
copper(II) chloride or from the copper(II) nitrate.

2.5. Synthesis of [Cu(L4)](PF6)2

This compound was prepared in the same fashion as
[Cu(L3)](PF6)2, substituting N-methyl ethylene diamine
for the ethylene diamine, and using 0.375 mol of vinyl
pyridine instead of 0.25 mol. The solution after reflux
was divided into two equal portions, and complexes
with different copper salts. CuCl2×2H2O (3.450 g, 20.2
mmol) in 20 ml of water was added to one portion, and
4.708 g (20.2 mmol) of Cu(NO3)2×2.5H2O in 20 ml of
water was added to the other portion. A small excess of
NH4PF6 (7 g, 43 mmol) was added to each portion,
which then were cooled in a refrigerator, yielding blue
solids with some white flecks (9.0 g, 60.6% from the
chloride, and 9.5 g, 64% from the nitrate). The solid
products were redissolved in a minimum amount of
acetonitrile, white undissolved impurities were filtered
off and the acetonitrile was removed by rotary evapora-
tion. The solid residues were recrystallized from
methanol, producing shiny dark-blue crystals (total
yield of purification steps ca. 60%). Anal. Found (%):
C, 38.47; H, 4.49; N, 9.56. Calc. for C24H31N5CuP2F12

(%): C, 38.80; H, 4.21; N, 9.43. Mass-spectrum (FAB,
NBA/acetonitrile): 452 ([Cu(L4)]+); 471 ([Cu(L4)F]+);
isotopic patterns correspond to the proposed
formulations.

2.6. Physical measurements

Cyclic voltammetry experiments were performed with
a Model 273 potentiostat/galvanostat (EG and G PAR,
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Princeton, NJ) interfaced to a DEC p420-SX micro-
computer using the model 270 software (EG andG).
Voltammetric experiments were performed in a three-
electrode cell consisting of a Ag-wire reference elec-
trode, a Pt-wire counter electrode, and a 3 mm glassy
carbon (BAS) working electrode. Ferrocene was used as
an internal standard, and tetrabutylammonium per-
chlorate (0.1 M) was used as a supporting electrolyte.
Solutions were degassed prior to measurements by bub-
bling N2 for 10 min, the measurements were also per-
formed under nitrogen, in order to prevent any
interaction of reduced copper species with dioxygen.

EPR spectra were recorded on a Bruker EMX spec-
trometer, NMR spectra on a 300 MHz Bruker AM300
spectrometer, UV–Vis spectra on a Hitachi U-200
UV–Vis spectrophotometer.

2.7. X-ray diffraction study

Single crystals of L2 (I) and [Cu(L1)](ClO4)2 (II)
suitable for X-ray study were grown by recrystallization
from ethanol, single crystals of [Cu(L5)](ClO4)2 (III)
were obtained upon recrystallization from warm water,
and single crystals of [Cu(L3)](PF6)2×MeOH (IV)
were grown by slow evaporation of its methanol
solution.

Single-crystal intensity measurements were collected
at room temperature with a Siemens four-circle diffrac-
tometer (I, II) or Rigaku AFCS diffractometer (III,
IV), using Mo K� radiation with graphite monochro-
mator and �/2�-scans. Lattice parameters (Table 1) for
I–IV were obtained using least-squares refinement of
the angles of 24 reflections with 22�2��26°. Empiri-
cal absorption correction was applied to all copper
containing crystals. The structure was solved by direct
methods using SHELXS-97 [52] and refined with all data

by full-matrix least-squares on F2 using SHELXL-97 [53].
All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were fixed in idealized positions with a
riding model (II, III, IV) or refined isotropically (I).

3. Results and discussion

3.1. Synthesis

Ditosylate of a tetradentate ligand, L2, was obtained
by a modification of Richman–Atkins [50] procedure
(Fig. 2). Tosylation of an alcohol group in the �
position to the pyridine ring proved to be more chal-
lenging than tosylation of aliphatic or benzylic alco-
hols, leading to low yield of the product. One
complication is related to the presence of the basic
center (pyridine ring) within the tosylated molecule,
which competes with the standard solvent (pyridine
[50]) for protons, producing a hardly separable mixture
of hydrochloride and tosylate salts of the product.
Another complication is related to competing elimina-
tion of a �-hydroxy group present in 2-hydrox-
yethylpyridine. Thus, using KOH as a base, which was
suggested for tosylation of pyridine-containing alcohols
[49], did not improve the yield and purity of the
product, because the hard nucleophile OH− facilitated
elimination and related side-reactions. Apparently,
elimination also competed with nucleophilic substitu-
tion at the next (condensation) step, again reducing the
yield of the product. It can be concluded that the
synthetic route outlined on Fig. 2 was satisfactory for
the synthesis of a tosylated tetradentate ligand
(Etpy)2Ts2en (L2), but was impractical for the prepara-
tion of metal complexes with aminopyridine ligands
bearing long ethylpyridine pendant arms.

Table 1
Structure data

IVIIIIICompound I

Formula C30H34N4O4S2 C16H20C12CuN4O5 C14H18CuN4Cl2O8 C24H33CuN5OP2F12

578.73 530.80Formula weight 504.76 761.03
monoclinic monoclinicSystem orthorhombicmonoclinic
P21/cSpace group P21/nPnmaC2/c

a (A� ) 14.408(3)14.5295(19)11.4560(10) 12.951(3)
7.9900(10) 26.497(5) 14.321(3)9.7456(16)b (A� )
15.804(2) 15.8829(13)c (A� ) 10.453(2) 17.611(4)

90 105.29(3)111.086(9)97.900(10)� (°)
V 3990.6(14)1432.9(3) 3150.7(12)2098.4(5)
Z 82 44

554246841842Reflections measured 2523
0.050 0.047R 0.052 0.041

0.136 0.110R2 0.169 0.154
1.0041.021.05S 1.02

0.19 0.52 0.95 0.49Max. residual electron density
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Fig. 3. Synthesis and isolation of the copper(II) complexes with tetra- and pentadentate aminopyridine ligands bearing ethylpyridine pendant arms.

The condensation of vinyl pyridine with ethylene
diamine is known to produce a mixture of products
(Fig. 3) containing desired tetra- and pentadentate lig-
ands (Etpy)2en (L1)and (Etpy)3en (L3) [51]. This mix-
ture can hardly be separated by vacuum distillation,
because of partial decomposition of the products at
elevated temperatures, and their relatively close boiling
points (which is particularly true for two isomeric com-
pounds (Etpy)2en and iso-(Etpy)2en (Fig. 3)). Phillip et
al. suggested that only two components of the reaction
mixture, (Etpy)2en and (Etpy)3en, are good ligands for
the copper(II), and reported the isolation of the four-
coordinate complex [Cu(L1)](ClO4)2 from the 2:1 con-
densation of vinylpyridine and ethylene diamine [32],
and the five-coordinate complex [Cu(L3)](ClO4)2 from
the analogous 3:1 condensation reaction [82]. In our
hands, however, these procedures yielded contaminated
products. Even though the complex [Cu(L1)](ClO4)2 is
the major product isolated from the reaction mixture in
the presence of perchlorate anions, it contains an ad-
mixture of the five-coordinate species [Cu((L3)]2+ (as
evidenced by mass spectrometry). In order to avoid this
possible contamination, we prefer to prepare
[Cu(L1)](ClO4)2 from the low-boiling fractions of
aminopyridines, which do not contain polysubstituted
products.

The perchlorate of the five-coordinate complex
[Cu(L3)](ClO4)2 contained significant amounts of its
four-coordinate counterpart, [Cu(L1)](ClO4)2, and was
difficult to purify. We have demonstrated that an addi-
tion of copper(II) chloride or copper(II) nitrate to the
vinylpyridine–ethylene diamine reaction mixture, fol-
lowed by an addition of an excess of ammonium hex-
afluorophosphate, leads to slow crystallization of the

complex [Cu(L3)](PF6)2. It is remarkable that the re-
placement of a non-coordinating counter ion is suffi-
cient to isolate a different complex even from a 2:1
condensation: all the conditions in our preparation,
except for the copper salt used, were identical to those
used by Phillip et al. [32], and yet a five-coordinate
complex [Cu(L3)]2+ was obtained as a PF6

− salt, while
a four-coordinate complex [Cu(L1)]2+ was isolated by
Phillip [32] in the form of its perchlorate salt. Appar-
ently, possible coordination of the chloride is insignifi-
cant, since both CuCl2 and Cu(NO3)2 gave identical
five-coordinate product in our preparations. The prefer-
ential isolation of one complex versus another is thus
determined by different solubilities of ClO4

− and PF6

salts of [Cu(L1)]2+ and [Cu(L3)]2+. The identity and
purity of the five-coordinate complex [Cu(L3)](PF6)2

was confirmed by elemental analysis, mass spec-
troscopy, and X-ray crystallography. The spectral and
redox properties of [Cu(L3)]2+ are also different from
those of [Cu(L1)]2+ (see below).

The five-coordinate complex [Cu(L4)](PF6)2 was also
prepared in a manner similar to the synthesis and
isolation of [Cu(L3)](PF6)2. As before, both copper(II)
chloride and copper(II) nitrate can be used as starting
copper salts, with the product precipitating slowly upon
addition of NH4PF6.

3.2. Crystal structure of L2 (I)

The ethylenediamine fragment in this molecule has
an open trans conformation, with two ethylpyridine
groups also trans to each other (Fig. 4). This open
conformation, with two pyridine nitrogens pointing to
the opposite directions, is very different from the ligand
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conformation in the copper complex discussed below.
Bond lengths and angles in I are not unique (see
Supplementary material).

3.3. Crystal structure of [Cu(L1)](ClO4)2 (II)

The coordination sphere of copper(II) in this com-
plex has a tetrahedrally distorted square-planar geome-
try, with two additional perchlorate anions in the apical
positions (Cu–O=2.709 A� ) (Fig. 5). The coordination
chromophore in [Cu(Etpy2)en]2+ has typical Cu–N
bond lengths [55] (Fig. 5), with Cu–N(amine) and
Cu–N(py) being almost equal to each other. Angles at
the Cu atom (ca. 95°, Fig. 5) are in between of those
typical of a square planar geometry (90°) and a tetrahe-
dral geometry (109.4°), being closer to the former one.

Significant deviation of L1 from planarity is caused
by steric interaction between 6- and 6�-hydrogen atoms
in the terminal pyridine rings. The degree of tetrahedral
distortion in square planar complexes is usually defined
by parameters � or �. [2] Parameter � is defined as a
half of the value of the mean trans ligand–metal–lig-
and angle � and equals 90° for a purely square-planar
geometry (D4h), and 54.7° for a tetrahedral one (Td).
Another parameter, �, is a dihedral angle between two
planes, each of which contains the central metal ion
and two cis-ligands. For the square-planar geometry,
�=0, and for the tetrahedral geometry, �=90° [2]
These two parameters are related by the following
equation:

cos �= �
1−3 cos2 �

1+cos2 �
(1)

For the complex [Cu(L1)]2+, �=78.49° (a half of an
angle N(1)–Cu–N(2)a, Fig. 5), and �=32.14° (an
angle between the planes Cu–N1–N1a and Cu–N2–
N2a). These values indicate a moderate degree of tetra-
hedral distortion in this complex, which is somewhat
higher than, for example, in the copper(II) complex
with L6 (�=84.5 [54]), but smaller than in a four-coor-
dinate Cu(II) complex with a tetradentate ligand bear-
ing terminal benzimidazole rings (�=77.65 [18]).

Cu occupies a special position on the C2 axes, that is
why its deviation from the mean plane formed by four
donor nitrogens is exactly zero. N1 and N2 are at
+0.41 and −0.36 A� from this plane, respectively.
Plane Cu–N2–N2a is at 14° from the mean plane and
Cu–N1–N1a is at −18° from the mean plane. In
addition to the distortions of the copper(II) coordina-
tion sphere, pyridine rings are twisted, thus further
reducing van der Waals repulsion between the hydro-
gen atoms.

The bond lengths and angles within the L1 ligand are
practically identical in the compounds [Cu(L1)](ClO4)2

and L2 (Supplementary material). Thus, the distorted
ligand geometry in the copper complex is accomplished
by torsional deformations rather than by deviations in
bond lengths and angles from their equilibrium values.

3.4. Crystal structure of [Cu(L5)](ClO4)2 (III)

The aminopyridine ligand in this complex occupies
an equatorial plane, and oxygen atoms of the perchlo-
rate anions are in the axial positions (Cu–O12 is 2.61
A� ), which makes the Cu(II) coordination number 4+2
(Fig. 6). Two complex cations are linked together into
a dimer unit via weak copper–perchlorate coordination
as well as via system of hydrogen bonds (Fig. 7). The
CuN4 donor set is almost planar, with �0.04 A� devia-
tions from the mean plane for N atoms, and only 0.02
A� Cu(II) displacement of the mean plane. Cu–N bond
distances are typical, and they are remarkably similar

Fig. 4. Molecular structure of I.

Fig. 5. Structure of II. Selected bond lengths (A� ) and angles (°):
Cu–N(1) 2.015(3), Cu–N(2) 2.016(3); N(1a)–Cu–N(1) 83.42(19),
N(1a)–Cu–N(2) 156.97(12), N(1)–Cu–N(2) 94.82(13), N(2)–Cu–
N(2a) 95.46(16).
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Fig. 6. Structure of III. All H atoms are omitted. Selected bond
lengths (A� ) and angles (°): Cu–N(2) 1.980(3), Cu–N(4) 1.992(3),
Cu–N(3) 1.992(4), Cu–N(1) 1.992(4); N(2)–Cu–N(3) 85.42(15),
N(2)–Cu–N(1) 82.52(15), N(4)–Cu–N(1) 110.35(14), N(2)–Cu–N(4)
166.52(15)) N(4)–Cu–N(3) 81.79(14), N(3)–Cu–N(1) 167.85(15).

(N1 and N2) and two pyridine nitrogen atoms (N4 and
N5) in the basal plane, and another pyridine nitrogen
atom (N3) in the apical position. Deviations of N1, N2,
N4, and N5 atoms from the mean plane are +0.06 A� ,
while Cu atom out-of-plane displacement (�) is 0.33 A� .
Cu–N3 is almost normal to the N4 mean plane (devia-
tion of 4°).

Several approaches have been proposed, in order to
quantitatively describe the structural deviation of the
copper(II) five-coordinate complexes from ideal square
pyramidal (SP) or trigonal bipyramidal (TBP) ge-
ometries, in an assumption that the intermediate struc-
tures lie on the classical Berry pathway [7,56–58].
Applications of these methods to SP, TBP, and inter-
mediate copper complexes have been reported recently
[9,59]. One of the simplest methods utilizes the differ-
ence in basal angles � and � formed by the trans-lig-
ands and the central metal ion [56]. These angles are
180° in an ideal square pyramid, but they are usually
smaller and fall in the range of 160–170° due to
displacement of the metal ion from the basal plane [7].
The degree of trigonal distortion �= [(�−�)/60]×
100%, with �=0 in an ideal SP complexes, and �=100
for an ideal TBP geometry. For the complex
[Cu(L3)]2+, angle N(1)–Cu–N(4)=�=163.92°, angle
N(S)–Cu–N(2)=�=157.74° and �=10.3, indicating
only slight distortion from an ideal square-pyramidal
geometry. In accordance with this conclusion, the in-
plane bond angles around the Cu(II) ion are close to
90° (Fig. 8). The angles formed by the apical pyridine

Fig. 7. View of the dimer made of two complex cations of III.

Fig. 8. View of the complex cation in the crystal of IV. All H atoms
are omitted. Selected bond lengths (A� ) and angles (°): Cu–N(5)
2.021(4), Cu–N(2) 2.031(4), Cu–N(4) 2.049(4), Cu–N(1) 2.096(4),
Cu–N(3) 2.196(4); N(5)–Cu–N(2) 157.74(16), N(5)–Cu–N(4)
91.12(15), N(2)–Cu–N(4) 86.24(17), N(5)–Cu–N(1) 91.49(16),
N(2)–Cu–N(1) 85.35(17), N(4)–Cu–N(1) 163.92(17), N(5)–Cu–N(3)
103.75(15), N(2)–Cu–N(3) 98.46(16), N(4)–Cu–N(3) 100.39(15),
N(1)–Cu–N(3) 94.39(16).

for pyridine and amine nitrogen donors, ranging from
1.980 to 1.992 A� . trans N–Cu–N bond angles indicate
only a slight tetrahedral distortion of the coordination
sphere: �=83.26 (N2–Cu–N4) or 83.925° (N1–Cu–
N3); �=18.12 or 18.98°, respectively. These formal
indexes of tetrahedral distortion, however, do not ade-
quately describe the structure of CuN4 chromophore in
[Cu(L5)](ClO4)2, because the deviations from tetragonal
geometry are not precisely tetrahedral in this case.
Indeed, the bond angles between copper atom and cis
nitrogen donors are, with one exception (N4–Cu–
N1=110.35°), smaller than 90° (Fig. 6), which is char-
acteristic of tetragonal pyramidal type structures.

3.5. Crystal structure of [Cu(L3)](PF6)2·MeOH (IV)

In this compound, all five nitrogen atoms are coordi-
nated to the copper(II) ion, in a distorted square-pyra-
midal fashion (Fig. 8), with two amine nitrogen atoms



E.V. Rybak-Akimo�a et al. / Inorganica Chimica Acta 324 (2001) 1–15 9

nitrogen (N3), the copper ion, and equatorial nitrogens
are somewhat higher than 90°, as expected for the
Cu(II) ion displaced from the basal plane toward the
apical pyridine nitrogen.

The in-plane Cu–N distances (Fig. 8) are within the
range for copper–amine and copper–pyridine donors.
[55] At the secondary amine N2, the distances Cu–
N(am) (Cu–N2) and Cu–N(py) (Cu–N4) are almost
equal to each other. At the tertiary nitrogen bearing
two ethylpyridine arms, the in-plane distances Cu–
N(am) (Cu–N1) and CuN(py) (Cu–N5) are distinctly
different from each other, with Cu–N(py) bond (2.021
A� ) being significantly shorter than Cu–N(am) bond
(2.096 A� ). This unusual ratio of bond lengths probably
arises in order to provide a square-pyramidal coordina-
tion mode of the two pyridine arms attached to the
tertiary amine nitrogen. An apical Cu–N3 bond (2.196
A� ) is substantially elongated in comparison with in-
plane Cu-nitrogen bonds. The bond length deviations
from octahedral geometry are described by the tetrago-
nality T5, defined as the ratio of an average in-plane
Cu–L distance to the length of an apical Cu–L bond
[7,58]. For the [Cu(L3)]2+ complex, an average Cu–N
(in-plane)=2.049 A� , an apical bond Cu–N3=2.196 A�
and T5=0.933, within the usual range of 0.90–0.96
found for five-coordinate copper(II) complexes [7]. The
� and T5 values for the [Cu(L3)]2+ fall inside the usual
(although scattered) linear correlation between these
two parameters [7,59]. Another relationship established
for five-coordinate copper(II) complexes, an inverse
correlation between the Cu(II) out-of-plane displace-
ment � and the axial bond length Cu–L(ax) [7], does
not quantitatively hold for [Cu(Etpy)3en]2+. A shorter
Cu–N3 bond of 2.12 A� is expected, based on the data
summarized by Hathaway in Fig. 22a [7], and using the
experimental value of 0.33 A� for the copper(II) dis-
placement from the basal plane. This elongation of an
axial Cu–N(py) bond suggests a relatively weak coordi-
nation of an axial pyridine nitrogen in the long ethyl-
pyridyl pendant arm.

3.6. Coordination of aminopyridine ligands to
copper(II): structural aspects

The distorted planar coordination mode of polyden-
tate aminopyridine ligands observed in the copper(II)
complexes (II–IV) is somewhat unusual. The van der
Waals repulsion between 6,6�-hydrogen atoms in pyri-
dine rings prevents a symmetrical in-plane coordination
of tetradentate ligands having terminal heterocyclic
groups. This can be alleviated by partial or complete
movement of the terminal pyridine rings away from the
equatorial plane, giving rise to several different struc-
tural motifs. In octahedral complexes, the tetradentate
ligands adopt either cis-� configuration (with both pyr-
idine nitrogens in the axial positions, and both amine

nitrogens in the equatorial plane), or cis-� configura-
tion (with two amine nitrogens and one pyridine nitro-
gen in the basal plane, and the remaining pyridine
nitrogen donor in the axial position) [19,38,60–71].
Metal ions with strong preference for square-planar
coordination geometry, such as Pd(II), enforce a some-
what distorted square-planar coordination mode of
aminopyridine ligands [54,72]. The copper(II) ion, with
its highly variable coordination geometries [7], may
form different types of complexes with aminopyridine
ligands and their analogs. While the four-coordinate
structure, with a distorted square-planar geometry, has
been predicted by molecular mechanics calculations for
the [Cu(L5)]2+ complex [73], the previously conducted
crystallographic studies identified non-planar arrange-
ment of the ligand L5 in two copper complexes [35,38].
In the presence of additional Cl− or C2O4

2− ligands, L5
and its analogs adopted cis-� or cis-� geometry
[19,35,38]. In all these cases, the complexes contained
three five-membered chelate rings (555), a structural
feature expected to facilitate out-of-plane ligand coordi-
nation [74]. It was unclear, however, what structure
would the tetradentate ligand adopt in its copper(II)
complex in the absence of additional monodentate lig-
ands. The direct structural data obtained in our work
prove that [Cu(L5)]2+ forms a tetragonal complex,
with an in-plane coordination of a tetradentate 555
polychelate ligand (in agreement with early spec-
torscopic studies by McKenzie and Gibson [33]). A
distorted in-plane coordination of the ligand L6 (565
sequence of chelate rings) has been reported previously
for the four-coordinate Cu(II) complex [54], and is now
found for the [Cu(L1)]2+ complex, having 656 chelate
rings. Thus, the chelate ring sequence is not as impor-
tant as the Cu(II) coordination number in determining
the binding mode of the aminopyridine ligands.

The degree of tetrahedral distortion in four-coordi-
nate copper(II) complexes with aminopyridine ligands
depends on the chelate ring sequence. Previous molecu-
lar mechanics calculations indicated that the steric clash
between ortho-hydrogens on two pyridine rings is some-
what less severe (the distance between 6- and 6�-hydro-
gen atoms is greater) for the ligand L5 (555) than is
expected for the L1 (656) [73]. As a result, the cop-
per(II) coordination sphere in III remains almost undis-
torted, as can be seen in Fig. 6. The twist of two
pyridine rings appears to be sufficient in order to
reduce van der Waals repulsion between these hydro-
gens. The complex II is significantly more distorted
(Fig. 5).

3.7. Electronic spectra

Visible spectra of the four-coordinate complex
[Cu(L1)]2+ measured in three different solvents contain
a single broad, relatively intense d–d absorption band
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Table 2
Electronic spectra of the solutions of four- and five-coordinate cop-
per(II) complexes with aminopyridine ligands

Complex �max (nm)Solvent Reference
(�, M−1 dm3)

579 (180)[Cu(L1)](ClO4)2 this workCH3CN
DMSO 604 (190) this work
methanol 597(170) this work

584 (220)CH3NO2 [32]
CH3CN[Cu(L3)](PF6)2 598 (220); �850 this work

shoulder (�30)
DMSO 607 (230); �860 this work

shoulder (�30)
598 (220); �850methanol this work
shoulder (�30)

CH3CN[Cu(L4)](PF6)2 604 (250); �850 this work
shoulder (�20)
613 (210); �860DMSO this work
shoulder (�30)
610 (220); �850methanol this work
shoulder (�25)
603 (152)[Cu(L5)](ClO4)2 [36]H2O

CH3CN 599(182) [36]
599(182) [36]methanol
603 (143)H2O [36][Cu(L6)](ClO4)2

CH3CN 596(145) [36]
599(153) [36]methanol
589 (245)H2O [36][Cu(L7)](ClO4)2

CH3CN 628 (277) [36]
599 (277) [36]methanol
659 (274)H2O [36][Cu(L8)]ClO4)2

CH3CN[Cu(L8)]ClO4)2 653 (285) [36]
methanol 645 (340) [36]

617 (72)methanol [18][Cu(L9)] (ClO4)2

[Cu(L10)](ClO4)2 CH3CN 617 (160) [18]
629(120)methanol [18]

[Cu(L11)](ClO4)2 690 (103); 1075methanol [10]
(40)

cially in methanol solutions, do not differ substantially
(Table 2).

The �max in visible spectra of [Cu(L1)]2+ are solvent-
sensitive, indicating solvation of the copper(II) center.
This is typical of four-coordinate copper(II) coordina-
tion compounds [18,36]. The shape of the absorption
spectrum is, however, distinctly different from five-co-
ordinate complexes discussed below.

Both five-coordinate complexes, [Cu(L3)]2+ and
[Cu(L4)]2+, display two-band visible spectra in all sol-
vents studied (Table 2), with the intensity of the higher-
energy band (� of about 220) being significantly higher
than the intensity of the lower-energy shoulder (� of
about 30). This pattern is characteristic for distorted
square-pyramidal copper(II) complexes (the opposite
ratio of intensities is typical of trigonal-bipyramidal
complexes) [7,75]. Similar spectra were reported previ-
ously for a number of five-coordinate copper(II) com-
plexes with TP geometry [7,9–12,75]. The absorption
band at approximately 600 nm is more narrow and
intense, and is positioned at somewhat lower energies
(up to 20 nm lower) in the spectra of five-coordinate
complexes as compared to their four-coordinate coun-
terparts (Table 2). This shift, however, is less pro-
nounced than the one in analogous four- and
five-coordinate complexes with terminal benzyimidazole
groups [10,18] (Table 2). The N-methylated derivative
L4 has a weaker ligand field than the non-methylated
ligand L3, an effect similar to that observed for four-
coordinate compounds [36]. Spectra of five-coordinate
copper complexes (Table 2) are not as sensitive to the
nature of the solvent as those of four-coordinate com-
pound [Cu(Etpy)2en]2+, since the fifth coordination site
is now occupied by a nitrogen donor from an axially
bound pyridine arm and is inaccessible to solvent
molecules. Difference in spectral shapes of five- versus
four-coordinate complexes suggests that axial pendant
arm remains coordinated to the copper(II) ion in aceto-
nitrile, methanol, and dimethylsulfoxide solutions.

The main conclusions from analysis of the electronic
spectra can be summarizes as follows: (1) both four-
and five-coordinate complexes with aminopyridine lig-
ands studied in this work retain in solutions their
solid-state coordination geometry determined by X-ray
crystallography (distorted square-planar and distorted
square-pyramidal, respectively); (2) the axial coordina-
tion of an ethylpyridine pendant arm leads to minor
changes in in-plane ligand field; (3) alkylation of sec-
ondary amine donors reduces the strength of the ligand
field in aminopyridine copper(II) complexes.

3.8. Electron paramagnetic resonance spectra

Anisotropic spectra of the complexes [Cu(L1)]-
(ClO4)2, [Cu(L3)](PF6)2 and [Cu(L4)](PF6)2, measured
in frozen acetonitrile solutions, are axial, with g//�g�

at about 600 nm (Table 2). The energy of these transi-
tions is somewhat lower than that in typical square-pla-
nar copper(II) complexes (500–588 nm) [7]. This can be
attributed to tetrahedral distortion of the CuN4 chro-
mophore, as determined by X-ray crystallography. Al-
ternatively, the relatively weak ligand field of pyridine
nitrogens in 656 chelate-ring system may also cause a
red shift in the absorption maxima, as compared to
all-amine CuN4 chromophores described by Hathaway
[7,58]. Comparison with the data reported by Urbach
and coworkers [36] (Table 2) indicate that the nature of
the donor atoms, rather than the chelate ring size
sequence, plays the major role in the position of ab-
sorption bands in the visible spectra of copper(II) com-
plexes with tetradentate aminopyridine ligands.
Complexes with benzimidazole residues in place of pyr-
idine groups also have lower-energy bands in the visible
region [18]. The degree of tetragonal distortion of CuN4

chromophore is somewhat smaller in [Cu(L6)]2+ [54]
than in [Cu(L1)]2+, while their visible spectra, espe-
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Fig. 9. EPR spectra of a four-coordinate complex [Cu(L1)](ClO4)2 (top) and a five-coordinate complex [Cu(L3)](PF6)2 (bottom) measured in
CH3CN frozen glass (77 K).

Table 3
Anisotropic EPR spectral data for the copper(II) complexes (CH3CN, 77 K)

g� 104 A// (cm−1) g///A// (cm−1)Compound Referenceg//

114 this work[Cu(L1)](ClO4)2 2.206 2.074 193
174 128[Cu(L3)](PF6)2 2.220 2.062 this work

130171 this work2.072[Cu(L4)](PF6)2 2.223
193 114[Cu(L5)](ClO4)2 2.205 [36] b2.075; 2.085 a

112 [36] b[Cu(L6)](ClO4)2 2.215 2.053;2.053 a 196
184 114[Cu(L7)](ClO4)2 2.212 2.068; 2.083 a [36] b

158 141 [36] b2.100;2.100 a[Cu(L8)](ClO4)2 2.225
2.098 164 135[Cu(L9)](ClO4)2 [36] d2.217

[18] d1161902.050 c[Cu(L10)](NO3)2 2.202
2.076 c 159 143[Cu(L11)](ClO4)2 [10] d2.270

a gx and gy were reported.
b Spectra obtained in 9:1 methanol/ethanol glasses
c Calculated as g�=1/2(3g0−g//).
d Spectra obtained in 4:1 methanol/acetone glasses.
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(Fig. 9), indicating a dx 2−y 2 ground state [7]. Spectral
parameters (Table 3) fall in the range typical of square-
based coordination polyhedra [7]. These results, in ac-
cord with the electronic spectral data, suggest that
both four- and five-coordinate complexes retain their
solid-state structure (distorted square-planar, or dis-
torted square-pyramidal, respectively) in acetonitrile
solutions.

Numerous correlations between the degree of tetra-
hedral distortion and the EPR parameters have been
suggested for the four-coordinate copper(II) complexes
[2,7,76,77], including the linear correlation between g//

and A// [2], the linear dependency between g// and
dihedral angle function 	= (3+cos �)2/(1+cos �)2

[2], and another linear correlation between g// and a
structural parameter 1/sin4 � [78,79]. The correlation
parameters (slopes and intercepts) depend on the exact
donor set in the complexes, with the majority of previ-
ously available data obtained for either tetramine
(N4(am)), or tetra-imidazol-type (N4(im)) copper coor-
dination environments [2]. The complexes listed in
Table 3 offer the experimental data (both structural and
EPR) for N2(am)N2(py) donor set. The g// and A//

parameters for all these N2(am)N2(py) complexes fall
on the straight lines obtained for N4(am) complexes
[2,76].

EPR parameters also reflect the degree of tetrahedral
distortion of square-planar copper(II) complexes. The
g///A// can be used as a rough estimate of coordination
geometry, with the values of 110–120 being typical of
planar complexes, while the range of 130–150 is char-
acteristic of slight to moderate distortion, and 180–250
indicate considerable distortion [2]. In the case of
[Cu(L1)]2+, the X-ray structural data show a distorted
structure, with �=32°, and somewhat higher than 114
value for the g///A// parameter may have been expected.
Both g// and A// depend on �, and the slopes of these
non-linear relationships increase markedly as � in-
creases [2,77]. As a result, only small changes in EPR
spectral parameters can be observed for the moderately
distorted complexes. Relative insensitivity of the EPR
parameters to small distortions of the tetragonal coor-
dination polyhedron does not allow for spectroscopic
distinguishing between the geometry of [CuL1]2+ and
analogous N2py2 complexes [CuL5]2+ (�=83.90) and
[CuL6]2+ (�=84.50 [54]) which are less distorted than
[CuL1]2+.

For the five-coordinate complexes [Cu(L3)]2+ and
[Cu(L4)]2+, EPR parameters are almost identical
(Table 3) and fall within the usual range for CuN5

chromophores [7,9–13]. An increase in g// and decrease
in A// as compared to the four-coordinate [Cu(L1)]2+

represent, as expected [7], an increasing axial interac-
tion. The difference between the structurally related
complexes bearing two or three ethylpyridine pendant
arms is, however, small. Significantly more pronounced

changes in EPR parameters were observed in a series of
four- and five-coordinate copper complexes with benz-
imidazolyl groups appended to the diamine frameworks
[10,18] (g//=2.27, A//=159 for [Cu(L11)]2+ [10], and
g// in the range of 2.20–2.21, A// ranging from 164 to
190 for analogous four-coordinate complexes [18]). It
appears that the axial pyridine nitrogen appended on a
long linker forms a weak bond with the central cop-
per(II) ion. This conclusion is in agreement with a long
apical Cu–N(py) bond in [Cu(L3)]2+ found by X-ray
crystallography. Another structural parameter which
influences EPR spectra of tetragonal-pyramidal copper
complexes, the copper out-of-plane displacement �, is
not unique in our case (0.33 A� ). For example, �=0.36
A� for tripodal tetramine ligand with an appended pyri-
dine arm [9], where g//=2.20, A//=155 and �=0.41 A�
for a dipeptide ligand containing three pyridine rings,
giving rise to g//=2.20, A//=154 [11]. As expected, the
equatorial ligand field weakens, and A// decreases as the
copper(II) ion moves out of the basal plane.

3.9. Electrochemistry

The redox behavior of the Cu(II)/Cu(I) couple in
aminopyridyl complexes was investigated by cyclic
voltammetry in acetonitrile and DMSO solutions
(Table 4). One quasi-reversible reduction wave was
observed in all cases except for [Cu(L5)](ClO4)2 in
acetonitrile, where reduction was rather irreversible un-
der our conditions, as can be judged from ipc/ipa ratio.
Further reduction of all investigated complexes caused
irreversible deposition of Cu metal on the electrode
surface. No reversible metal oxidation waves were regis-
tered at the potentials up to +0.8 V (vs. NHE), solvent
or ligand oxidation interfered with the measurements at
higher potentials. The E1/2 values are solvent-depen-
dent, being more negative in DMSO than in acetonitrile
(by 183 and 161 mV for the four-coordinate complexes
[Cu(L5)]2+ and [Cu(L1)]2+, and by 90 and 43 mV for
the five-coordinate ones, [Cu(L3)]2+ and [Cu(L4)]2+,
respectively). This difference can be attributed, at least
partially, to different solvation of the Cu(II) com-
pounds in DMSO and CH3CN, as can be seen from the
changes in their d–d spectra upon changing the solvent
(Table 2). Another significant factor is solvation of the
Cu(I) oxidation state, which is known to be stabilized
in acetonitrile solutions [79].

The electrochemical data for the four-coordinate
[Cu(L1)]2+ compare well with those obtained previ-
ously for a series of copper(II) complexes with tetraden-
tate aminopyridine ligands [36] and improve the
understanding of structure–redox-potential relation-
ships. One of the trends observed by Urbach et al. [36]
is the monotonic increase in the redox potentials as the
chelate ring sizes are increased in a series 555 (L5)�
565 (L6)�656 (L7)�666 (L8) (Table 4). While the
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Table 4
Electrochemical data for the copper complexes with aminopyridine ligands (cyclic voltammetry, scan rate 50 mV s−1, 25 °C)

E1/2 (V) �Ep (mV)Complex ipc/ipaSolvent Reference

−0.534 a 94[Cu(L1)](ClO4)2 1.10CH3CN This work
−0.695 a 126DMSO 1.11 This work
−0.449 a 208[Cu(L3)](PF6)2 1.17CH3CN This work
−0.539 a 214DMSO 1.16 This work
−0.380 a 84[Cu(L4)](PF6)2 1.07CH3CN This work
−0.423 a 98DMSO 1.10 This work
−0.549 a 142[Cu(L5)](ClO4)2 4.40CH3CN This work
−0.732 a 112DMSO 1.21 This work
−0.169 b 70 0.88CH3CN [36]
−0.196 c 138H2O 0.96 [36]
−0.148 b 72[Cu(L6)](ClO4)2 0.60CH3CN [36]
−0.106 c 78H2O 0.81 [36]
+0.083 b 196[Cu(L7)](ClO4)2 1.09CH3CN [36]
+0.099 c 115H2O 1.07 [36]
+0.144 c 80H2O [37]
+0.310 b 94CH3CN 1.15[Cu(L8)](ClO4)2 [36]
+0.275 74 1.02 [36]H2O

a Measured vs. Fc+/Fc internal standard; to convert to NHE, add 0.400 mV ([36] and references therein).
b Measured vs. SCE with internal ferrocene standard and referenced to the NHE by adding 0.400 V [36].
c Measured vs. SCE, converted to NHE scale by adding 0.244 V [36].

first two ligands in this series have secondary amine
donors, the other two are N-methylated, tertiary amine
derivatives. The ligand L1 is a non-methylated analog of
L7, with 656 chelate ring sequence. While E1/2 for
[Cu(L1)]2+ (−134 mV vs. NHE) is somewhat higher
that that for [Cu(L5)]2+ and [Cu(L6)]2+ (−169 and
−148 mV, respectively [36]), as expected based on its
chelate ring size, this potential is significantly lower than
that for a N-methylated analog [Cu(L7)]2+ (+83 mV
[36]). Clearly, methylation of two secondary amino
groups increases the redox potential of the copper
complex [Cu(L1)]2+ by more than 200 mV. The oppo-
site effect of N-methylation on the redox potentials (a
decrease in E1/2) may be expected, based on the induc-
tive effect of methyl groups which should stabilize
higher oxidation states of the metal ion. The observed
increase in E1/2 may be attributed to a reduced stability
of the copper(II) complexes with tertiary amines. [80]
Rorabacher and coworkers have shown that an increase
in Cu(II)/Cu(I) redox potentials is often related to the
relative destabilization of the Cu(II) complexes, rather
than to stabilization of the Cu(I) species [6,81]. It can be
concluded that a remarkable range of almost 500 mV,
observed by Urbach et al. for their series of aminopy-
ridyl ligands [36], is caused by two parallel effects,
namely, the changes in the chelate ring sizes, and the
methylation of amine nitrogen donors.

Relative stabilization of the Cu(I) oxidation state in
the complexes with larger chelate rings is usually quali-
tatively explained by greater flexibility of longer
aliphatic chains which allows to better adjust to the
tetrahedral geometry preferred by Cu(I) complexes [36].
Quantitative correlations between E1/2 and the degree of

tetrahedral distortion of Cu(II) complexes appear to be
reasonable [79], but do not provide reliable results
[2,79]. For a given set of donor atoms, the potentials
indeed somewhat increase as � increases (Table 4),
although changes in redox potentials are relatively
small.

The redox potential of the Cu(II)/Cu(I) couple in the
five-coordinate complex [Cu(L3)]2+ is substantially
higher than that of its four-coordinate counterpart
[Cu(L1)]2+ (by 85 mV in acetonitrile, and by 156 mV in
DMSO), indicating relative destabilization of the Cu(II)
and/or stabilization of the Cu(I) oxidation states upon
axial coordination of the fifth ligand. Similar, although
smaller effect of the ‘forced axial coordination’ to a
planar CuN4 chromophore has been reported for benz-
imidazole analogs of the ligands L1 and L3: the poten-
tial increased by 21 mV upon appending of an extra
benzimidazole-containing arm to a tetradentate
N2(am)N2(BzIm) ligand [10]. Interestingly, the differ-
ence in EPR and visible spectra between four- and
five-coordinate complexes, which primarily reflects the
changes in in-plane Cu(II) coordination, is greater in
benzimidazole series [10,18] than in pyridine series ex-
plored here. It appears that acceptor properties of an
axially coordinated pyridine ring play a major role in
relative stabilization of Cu(I) in [Cu(L3)]2+.

N-Methylation of a secondary amino group in a
pentadentate ligand L3 leads to an increase in E1/2 of the
copper complex. This trend parallels the one observed
for the four-coordinate complexes, although the quanti-
tative effect is substantially smaller for the five-coordi-
nate species (compare L3 and L4, Table 4), since only
one secondary amine donor becomes a tertiary amine
donor.
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4. Conclusions

A convenient method of isolation for four- and five-
coordinate copper(II) complexes with ‘long-armed’
aminopyridine ligands L1, L3, and L4 has been devel-
oped. In the absence of additional monodentate lig-
ands, all four nitrogen donors in tetradentate
aminopyridine ligands L1 and L5 occupy equatorial
positions, forming distorted tetragonal copper(II) com-
plexes. The main reason for the observed deviations
from planarity is van der Waals repulsion between
ortho-hydrogens from two different pyridine rings. The
degree of tetrahedral distortion of the ‘long-armed’
complex [Cu(L1)]2+ (�=32.14°) is significantly greater
than that in its ‘short-armed’ analogs [Cu(L5)]2+ and
[Cu(L6)]2+. Nevertheless, UV–Vis and EPR spectral
parameters are insensitive to these differences in tetra-
hedral distortion. The redox potentials for the Cu(II)/
Cu(I) couple reflect the expected trend of stabilizing
Cu(I) species in tetrahedral coordination environment.
Introducing of a fifth nitrogen donor in the ‘long’
ethylpyridine pendant arm leads to a distorted tetrago-
nal pyramidal copper(II) complex with an elongated
apical bond and a Cu(II) ion displaced from the equa-
torial plane by 0.33 A� . These structural features cause
some (although relatively small) weakening of the equa-
torial ligand field, as reflected in EPR parameters. A
relatively weak coordination of the fifth pyridine nitro-
gen increases the redox potential of the Cu(II)/Cu(I)
couple by 85–156 mV, depending on the solvent.
Methylation of the secondary amine nitrogen donors in
both tetra- and pentadentate ligands reduces an equato-
rial ligand field in the copper(II) complexes, and desta-
bilizes Cu(II) with respect to Cu(I) (increases the
Cu(II)/Cu(I) redox potential).

5. Supplementary material

Tables giving full details for the crystal data are
available on request from the author.
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