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Reactions of anhydrous copper(II) chloride with NaX (1 : 1 or 1 : 2) and AgX (1 : 2)
containing appropriate N,N,N0,N0-tetraalkylpyridine-2,6-dicarboxamides(O-daap) in CH3CN
yield monosubstituted five-coordinate [Cu(L1)Cl(CF3SO3)] (1), [Cu(L2)Cl(ClO4)] (2),
[Cu(L3)Cl(ClO4)] (3), and six-coordinate [Cu(L2)(CF3SO3)2] �H2O (4) (X¼�OClO3 and
–OSO2CF3; L1¼N,N,N0,N0-tetraethylpyridine-2,6-dicarboxamides; L2¼N,N,N0,N0-tetraiso-
propylpyridine-2,6-dicarboxamides; L3¼N,N,N0,N0-tetraisobutylpyridine-2,6-dicarboxamides).
The structures of these complexes have been determined by X-ray crystallography. The Cu2þ in
1–3 adopts distorted square-pyramidal geometry, while 4 exhibits octahedral structure. Steric
factors in conjunction with lattice effects and the nature of the anions are responsible for the
variety in coordination spheres. These compounds undergo extensive intermolecular H-bonding
to give to 2-D sheets extending along various planes.

Keywords: Alkyl-substituted pyridine-2,6-dicarboxamides; X-ray crystal structures;
Metathetical reactions; Steric and anionic effects

1. Introduction

Coordination behavior of pyridine carboxamides toward transition metal ions has been
widely investigated [1–16]. Upon deprotonation of the carboxamide, nitrogens chelate
to metal ions and provide complexes with a range of coordination numbers,
nuclearities, and geometries. Tridentate ligands containing fully substituted
tetraalkyl/aryl pyridine-2,6-dicarboxamide [1, 17–25] use both the carbonyl oxygens
and pyridine nitrogen, as hindered C–N bond rotation renders the amide nitrogens
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almost inactive. A systematic study of steric and electronic effects on the formation of
lanthanide complexes with neutral tridentate N,N,N0,N0-tetraalkylpyridine-2,6-
dicarboxamides(O-daap) (scheme 1) shows a reduced affinity with increasing size of
R on the terminal carboxamide side arms [17, 18]. Gracia-Lozano et al. [19, 20] and
de Preez et al. [21, 22] have also reported structural studies on the complexes of these
ligands with a number of first-row transition metals.

Our interest in N,N,N0,N0-tetraalkylpyridine-2,6-dicarboxamide(O-daap) and
N,N,N0,N0-tetraalkylpyridine-2,6-dithiocarboxamide(S-daap) (scheme 1) [23–26] has
been threefold: first, to study the effect of steric crowding brought by employing various
alkyl groups at the terminal carboxamide side arms; second, to investigate the effect of
change in the donors in the two side arms on coordination geometry [23–26], and third,
the role played by counter ions, such as –OClO3, –OSO2CF3, and –ONO2, in
determining the geometry around the metal.

In the present work, we carried out metathetical reactions of anhydrous CuCl2 with
NaX (1 : 1 or 1 : 2) and AgX (1 : 2) (X¼ –OClO3 and –OSO2CF3) in the presence of
planar tridentate N,N,N0,N0-tetraalkylpyridine-2,6-dicarboxamides(O-daap) [R¼Et,
L1¼N,N,N0,N0-tetraethylpyridine-2,6-dicarboxamides; R¼ i-Pr, L2¼N,N,N0,N0-tetra-
isopropylpyridine-2,6-dicarboxamides; R¼ i-Bu, L3¼N,N,N0,N0-tetraisobutylpyridine-
2,6-dicarboxamides]. Variation in the alkyl bulk on carboxamide nitrogens of the ligand
has important consequences on geometrical parameters of the complexes formed.
Furthermore, substitution of one Cl� by the counter ion X� gives five-coordinate
CuCl(X)(O-daap), while disubstitution results in the formation of six-coordinate
Cu(X)2(O-daap)(H2O) complex. We previously reported the formation of a similar five-
coordinate copper(II) complex, [CuCl(L1)(ClO4)], which was obtained by reaction of L1

with CuCl2 and sodium perchlorate [23].
Incorporation of pyridine-based ligands generally leads to the construction of

supramolecular frameworks [27–29] using hydrogen bonds or coordination polymer-
ization, or a combined effort of both. In this work, 1-D and 2-D networks are formed
via intermolecular H-bonds.

2. Experimental

2.1. Materials

All reactions were carried out in anhydrous solvents under dry N2. Solvents and other
reagents were dried using standard techniques as described earlier [30].
Sodium perchlorate (Merck) and silver trifluoromethanesulfonate (Aldrich) were

N

R=Methyl, Lo
R=Ethyl, L1
R=Isopropyl, L2
R=Isobutyl, L3

X = O(O-daap), S(S-daap)

N N

X X

R R

RR

Scheme 1.
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used as received. Anhydrous copper(II) chloride was prepared by refluxing hydrated
copper(II) chloride with thionyl chloride. The anhydrous product was filtered, washed
with toluene, and dried in vacuo. The ligands were prepared as described previously [23].

2.2. Preparation of complexes

Complexes 1–3 were prepared by reacting anhydrous copper(II) chloride (1.34 g,
10mmol) with NaX (1 : 1 or 1 : 2) (X¼�OClO3 (1.22 g, 10mmol) and �OSO2CF3

(1.72 g, 10mmol)) in 50mL of CH3CN. The contents were stirred for 12 h. Sodium
chloride was filtered off and the clear solution was stirred with the appropriate ligand
[(L1, 5.54 g, 20mmol for 1), (L2, 6.66 g, 20mmol for 2), (L3, 7.78 g, 20mmol for 3)] for
another 8 h. The solid compounds were recovered by filtration and dried under vacuum.
Irrespective of whether the CuCl2 to NaX ratio is 1 : 1 or 1 : 2 the product is always
monosubstituted and only 10mmol of NaCl is recovered each time.

[Cu(L1)Cl(CF3SO3)] (1): m.p. 210–214�C. Anal. Calcd for C16H23N3O5SClF3Cu (%):
C, 36.57; H, 4.38; N, 8.00. Found (%): C, 36.56; H, 4.30; N, 7.90. IR (KBr pellet, cm�1):
1615(�CO); 1279, 1244, �4(E)SO3 asym; 1029(�1(A1)SO3 sym; 761 �(SCF3). Molar
conductance (��1 cm2mol�1): 132.0 (CH3CN).

[Cu(L2)Cl(ClO4)] (2): m.p. 250–253�C. Anal. Calcd for C19H31N3O6Cl2Cu (%): C,
42.90; H, 5.90; N, 7.90. Found (%): C, 42.39; H, 6.11; N, 7.79. IR (KBr pellet, cm�1):
1595(�CO); 1109{�4(E)}; 1050{�1(A1)}; 921{�2(A1)}; 641{�5(E)}; 624{�3(A1)}. Molar
conductance (��1 cm2mol�1): 127.0 (CH3CN), 52.0 (CH3OH).

[Cu(L3)Cl(ClO4)] (3): m.p. 170–173�C. Anal. Calcd for C23H39N3O6Cl2Cu (%): C,
46.98; H, 6.64; N, 7.15. Found (%): C, 46.66; H, 6.82; N, 7.10. IR (KBr pellet, cm�1):
1594(�CO); 1097{�4(E)}; 1046{�1(A1)}; 930{�2(A1)}; 625{�5(E)}; 590{�3(A1)}. Molar
conductance (��1 cm2mol�1): 125.0 (CH3CN), 46.2 (CH3OH).

Reaction of CuCl2 with AgOSO2CF3: Reaction of anhydrous CuCl2 (1.34 g, 10mmol)
with AgOSO2CF3 (5.14 g, 20mmol) was carried out in 60mL of CH3CN. The contents
were stirred for 4 h. AgCl (2.8 g, 20mmol) was removed and L2 (6.66 g, 20mmol) was
added to the solution with stirring. After 8 h of stirring a solid separated, was filtered
and dried in vacuo (4).

[Cu(L2)(CF3SO3)2] EH2O (4): m.p. 183–185�C. Anal. Calcd for C21H33N3O9S2F6Cu
(%): C, 35.37; H, 4.63; N, 5.89. Found (%): C, 36.06; H, 5.13; N, 6.16. IR (KBr pellet,
cm�1): 3530(�OH); 1605(�CO); 1280, 1245, �4(E)SO3 asym.; 1026(�1(A1)SO3 sym.; 740
�(SCF3). Molar conductance (��1 cm2mol�1): 168.0 (CH3CN).

2.3. Physical methods

Elemental analyses (C, H, N) were performed on a Perkin-Elmer model 2400 CHN
elemental analyzer. Chlorine was estimated as chloride by Volhard’s method. IR spectra
were recorded as KBr pellets on a Perkin-Elmer RX-1 FTIR spectrophotometer.
Molar conductance measurements were made using a digital conductivity bridge
model CC601.

Five- and six-coordinate copper(II) 3637
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2.4. X-ray crystallography

Crystallization of 1–4 by very slow evaporation of their saturated acetonitrile solution
at room temperature yielded good single crystals. The data were collected at 298K on a
Siemens P4 single crystal X-ray diffractometer using the XSCANS package [31]. The
data were collected by the �–2� scan mode with a variable scan speed up to a maximum
of 2�¼ 60� using graphite-monochromated Mo-K� radiation (�¼ 0.71073 Å). To
monitor the stability of the crystal, three standard reflections were measured after every
97 reflections. The data were corrected for Lorentz and polarization effects. The
structure was solved by direct methods using SIR97 [32] and refined by full-matrix
least-squares on F2 using SHELXS-97 [33] in the WINGX package [34] of programs.
All atoms were refined anisotropically. All hydrogens were attached geometrically
riding on their respective carrier atoms with Uiso being 1.5, 1.2, and 1.2 times the Uiso of
their carrier for methyl, methylene, and aromatic carbons, respectively.

The O5, O6, and F6 in 1, 3, and 4, respectively, show disorder which could be
resolved by splitting each of these atoms into two parts with total site occupancy factor
(sof) one. Their sofs and Uiso values were refined as free variables. A summary of crystal
data, experimental details, and refinement details is given in table 1.

3. Results

3.1. Syntheses

Metathetical reactions between anhydrous CuCl2 and NaX or AgX (X¼�OClO3 and
�OSO2CF3) in 1 : 1 and 1 : 2 mole ratios, in the presence of appropriate ligand (L1–L3),
yielded 1–4. The complexes are blue to bluish-green hygroscopic solids, characterized
through elemental analyses, IR data, conductivity measurements, and X-ray
crystallography. The compounds easily dissolve in polar solvents and their millimolar
solutions in CH3CN and CH3OH show significant dissociation into ions. For 1–3,
the molar conductance values are in agreement with those expected for 1 : 1
electrolytes, while 4 exhibits values which are lower than expected for bi-univalent
electrolytes [35].

IR spectra of 1–4 [Supplementary material (S1, complex 1), (S2, complex 2), (S3, 3
and S4, 4)] show �CO peaks in the range 1590–1615 cm�1 as compared to 1625 cm�1 in
the free ligand, showing a shift to a lower wavenumber due to the coordination to
copper(II) [23, 25]. Six fundamental modes of vibrations, all IR active, are observed for
SO3CF

�
3 of C3v symmetry. The �4(E)SO3 asymmetric stretch of non-coordinated triflate

falling at 1271 cm�1 splits into 1279 and 1244 cm�1 for 1 and into 1280 and 1245 cm�1

for 4. The SO3CF
�
3 is easily recognizable from the number and position of sulfur–

oxygen stretching frequencies [36]. The number of bands in the IR spectra of 1 and 4

indicate lowering of the local site symmetry of –CSO3 from C3v to Cs. The unidentate
mode of coordination was unambiguously established by their X-ray crystal structures.
IR spectra of 2 and 3 indicate coordinated perchlorates since bands at 1109, 1050, 921,
and 624 cm�1 (for 2) and 1097, 1046, 930, and 625 cm�1 (for 3) indicate monodentate
(O–ClO3) coordination [23]. The Td symmetry of ClO�4 is lowered to C3v in these
complexes [37, 38].
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3.2. X-ray crystal structures

Table 2 compares important bond lengths for 1–4.

3.3. Molecular and crystal structure of 1

The Cu(II) in 1 (figure 1) occupies a distorted square-pyramidal geometry with the
ligand tridentate using the carbonyl oxygens and pyridine nitrogen with the other two
sites occupied by Cl and a coordinated triflate. O3 of the triflate occupies the apical
position and pyridine N1, carbonyl oxygens O1 and O2, and Cl1 complete the base of a
distorted square pyramid. In this structure the conformation of the terminal alkyl
carbons is such that on one carboxamide side arm a methyl, C15, is above the basal
plane while the other terminal C13 is below. For the other carboxamide side arm, C9 is
below the plane while terminal C11 is almost in the plane.

The crystal packing diagram shows that the molecules are stacked in a parallel
fashion. Two such stacked molecules are held together by C11–H11B � � �O1i

[3.606(7) Å, i
¼�x,�yþ 1,�z] and C2–H2 � � �Cl1i [3.636(5) Å, i

¼�x,�yþ 1,�z]
H-bonding contacts, thereby behaving as a dimeric unit. Such dimers are propagated
in the form of 1-D chain by C12–H12A � � �Cl1ii [3.619(5) Å and ii

¼�x,�yþ 1,�zþ 1]

Table 1. Crystallographic data for 1–4.

Empirical formula C16H23ClCuF3N3O5S C19H31Cl2CuN3O6 C23H39Cl2CuN3O6 C21H35CuF6N3O10S2
Formula weight 525.42 531.91 588.01 731.18
Crystal size (mm3) 0.10� 0.15� 0.20 0.20� 0.20� 0.18 0.18� 0.18� 0.16 0.20� 0.10� 0.10
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
Space group P�1 P 21/n P 21/c P 21/n
Unit cell dimensions (Å, �)
a 8.118(5) 8.292(2) 12.248(2) 7.794(2)
b 10.416(5) 25.983(1) 15.011(4) 22.746(4)
c 13.345(4) 11.450(3) 15.595(1) 9.002(4)
� 88.453(4) 90.0 90.0 90.0
� 87.691(5) 101.118(5) 94.570(5) 98.410(5)
� 78.996(3) 90.0 90.0 90.0
Volume (Å3), Z 1106.6(9), 2 2420.6(19), 4 2858.1(18), 4 1578.7(14), 2
�Calcd (mgm�3) 1.577 1.460 1.367 1.538
F(000) 538 1108 1236 774
	(mm�1) 1.259 1.161 0.991 0.912
� (�) 1.53–25.50 1.57–25.50 1.67–25.51 1.79–25.52
No. of reflections 4444 4521 5580 3262
Final R indices

[I4 2
(I )]
R1¼ 0.0485,
wR2¼ 0.1221

R1¼ 0.0649,
wR2¼ 0.1024

R1¼ 0.0522,
wR2¼ 0.1177

R1¼ 0.0564,
wR2¼ 0.1310

CCDC No. 746896 747639 746897 746898

Table 2. Comparison of selected bond distances (Å) for 1–4.

N1–Cu 1.948(3) 1.956(5) 1.937(4) 1.900(6)
O1–Cu 2.026(3) 1.986(4) 1.987(3) 1.966(6)
O2–Cu 2.026(3) 2.007(4) 1.982(3) 1.952(7)
Cu–O3 2.212(3) 2.350(5) 2.539(4) 2.584(2)
Cu–Cl1 2.188(1) 2.175(2) 2.173(2) 2.172(2)a

aCu–O1W.

Five- and six-coordinate copper(II) 3639
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H-bonding along the b-axis. A 2-D sheet running parallel to the ab plane is formed
when these parallel chains are further held together by C14–H14A � � �F2iii [3.504(7) Å,
iii
¼�x,�y,�zþ 1] H-bonding contacts (figure 2).

3.4. Molecular and crystal structure of 2

In 2 (figure 3), the copper is square pyramidal with O3 of perchlorate occupying the
apical position while O1, O2, pyridine N1, and Cl1 form the base of the pyramid. In this
structure the steric bulk on the carboxamide side arms is more than in 1. The terminal
carbons C19, C16, C13, and C10 are below the carboxamide plane, while C9, C12, C15,
and C18 have oriented themselves above this plane to minimize steric strain and
maximize stability.

The perchlorate O6 develops H-bonding contacts of the type C17–H17 � � �O6i

[3.219(9) Å, i¼x � 1/2, �yþ 1/2, þz � 1/2] leading to the formation of a zig-zag chain.
O3 which is involved in coordination to copper is also an acceptor to phenylene C3 via
C3–H3 � � �O3ii [3.343(9) Å, ii

¼ x � 1, þy, þz] hydrogen bond, thereby linking these
zig-zag chains forming a 2-D corrugated sheet (Supplementary material, figure S5).

3.5. Molecular and crystal structure of 3

The apical position in the distorted square pyramid in 3 (figure 4) is occupied by O3
of perchlorate with amide O1 and O2, pyridine N1, and Cl1 forming the base of

Figure 1. ORTEP diagram (30% probability) and labeling scheme for 1. The triflate ion shows a slight
disorder.
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Figure 2. 2-D sheet formation in 1 down the c-axis due to intermolecular H-bonds. Hydrogens other than
those involved in these interactions have been removed for clarity.

Figure 3. ORTEP representation (30% probability) of 2 and numbering scheme used in structure analysis.
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this pyramid. The copper is 0.08 Å above the plane containing these four atoms. The
alkyl carbons attached to amide N2 [C16 and C20] and N3 [C8 and C12] are
approximately in their respective amide planes as indicated by torsion angle values of
�179.9(1)� [O1–C6–N2–C16], �3.0(2)� [O1–C6–N2–C20], �176.1(5)� [O2–C7–N3–C8],
and 3.0(2)� [O2–C7–N2–C12]. The other carbons of the bulky alkyl chains are oriented
above [C13, C14, C15, C21, C22, and C23] and below [C9, C10, C11, C17, C18, and
C19] the corresponding amide planes to reduce steric strain.

The crystal packing diagram (Supplementary material, figure S6) shows that two
molecules are stacked over each other and held together by C4–H4 � � �O4i [3.331(9) Å],
C3–H3 � � �O5i [3.319(8) Å], and C18–H18A � � �O4i [3.422(10) Å], where i

¼�x,�y,
�zþ 1, H-bonding contacts. Every such pair behaves as a dimer. The
C16–H16A � � �O6ii [3.46(2) Å, ii

¼�x,þy�1/2,�zþ 1/2] hydrogen bonds link such
dimeric pairs which are almost perpendicular to each other. This arrangement leads to
the formation of a pleated ribbon-like 1-D chain, running diagonally in the bc plane.

3.6. Molecular and crystal structure of 4

The copper in 4 is in a distorted octahedral environment. The ligand is tridentate using
two oxygens O1, O2, and pyridine N1; these atoms along with a water O1W complete
the square planar arrangement around the metal ion. The octahedron around copper is
completed by O3 and O7 from two triflates occupying trans positions with Cu1–O3
distance being 2.584(2) Å and Cu1–O7 being 2.760(3) Å (figure 5). Carbons directly
attached to the carboxamide nitrogens N2 [C14 and C17] and N3 [C8 and C11] are
almost in the carboxamide plane. The orientation of the terminal alkyl carbon is such that

Figure 4. ORTEP view (30% probability) of 3 with atom numbering scheme used along with disorder in the
perchlorate.
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carbons C9, C12, C13, and C10 are above the carboxamide plane, while C15, C16, C18,
and C19 are below to minimize steric strain in the structure. The torsion angles between
the pyridine ring plane and the amide planes are �19.4(12)� [N1–C1–C7–O2] and
16.4(12)� [N1–C5–C6–O1]. The coordinating water Cu1–O1W distance is 1.897(6) Å.

Due to lattice water along with coordinated water, the molecule exhibits extensive
hydrogen-bonding in the crystal lattice. O2W of the lattice water is acceptor to amide
oxygen O1–H11W � � �O2Wi [2.653(3) Å, i

¼ x,þy,þzþ 1], O1W–H12W � � �O2Wi

[2.70 Å, i
¼ x,þy,þzþ 1], and C13–H13A � � �O2Wii [3.52(2) Å, ii

¼x, y, z] H-bonding
contacts (figure 6). Also the lattice water develops H-bonding contacts of the type
O2W–H21W � � �O4iii [2.747(2) Å, iii

¼ xþ 1,þy,þzþ 1] and O2W–H22W � � �O6ii

[2.922(2) Å, ii
¼ x, y, z] to the anions. The coordinated triflate anion is also involved

in C4–H4 � � �O6iv [3.266(10) Å, iv
¼ x� 1,þy,þz] and C19–H19A � � �F2iv [3.536(1) Å,

iv
¼ x� 1,þy,þz] H-bonding contacts. These intermolecular H-contacts collectively

form a 2-D sheet running diagonally along the ac plane.

4. Discussion

Most five-coordinate complexes have neither an ideal trigonal bipyramidal (tbp) nor
square pyramidal (sp) environment, but their geometry falls between depending upon a

Figure 5. ORTEP representation (30% probability) and the numbering scheme used in 4. Hydrogens
omitted for clarity. One of the triflates shows disorder.
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parameter � suggested by Addison et al. [39]. The parameter � is determined by the
relation �¼ (� � �)/60 (where � and � are the larger basal angles with �4�) and its
value may vary from 0, representing ideal sp geometry to 1, denoting ideal tbp
geometry. Geometries of 1, 2, and 3 may be defined as moving from regular square
pyramidal to increasingly distorted square pyramidal with � values equal to 0.057,
0.134, and 0.344, respectively, where angle � is N1–Cu1–Cl1 and angle � is O1–Cu1–O2.
In all these complexes the ligand coordinates tridentate to copper using pyridine
nitrogen and the two carbonyl oxygens, characteristic of pyridine-2,6-dicarboxylate
and related ligands [Cu(	-dpc)(	-4-hymp)]n, [Ni(dpc)(	-hymp)(H2O)2] [40], and
[Zn(pydc)tatp)]n [41]. In [Cu(	-dpc)(	-4-hymp)]n and [Zn(pydc)tatp)]n the dpc/pydc
ligand, besides showing its usual tridentate coordination, also connects metal centers to
form coordination networks [40, 41]. Among the amide derivatives a comparison of
these complexes can be made with similar five-coordinate Cu(II) complexes CuCl2(L1)
and CuCl(ClO4)(L1) [23]. The tridentate ligand (L1) occupies three equatorial sites while
a chloride Cl(2) lies at the fourth coordination site in CuCl2(L1). Another chlorine Cl(1)
occupies the apical position of the square pyramid. The only difference in
CuCl(ClO4)(L1) is that a ClO4 occupies the apical position instead of Cl. The torsion
angles N1–C1–C7–O2 and N1–C5–C6–O1 are �27.2(5)� and 25.1(5)� for 1, �29.4(8)�

and 20.9(8)� for 2 along with �9.9(6)� and 5.5(6)� for 3, while in the X-ray crystal
structure of the only known analogous free ligand having methyl- and pyridine-
substituted amide nitrogen [42], these torsion angles are 132.6(2)� and 128.2(2)�. This
suggests that in the presence of metal, coordinating carbonyl groups are ‘‘flipped in’’ or
orient themselves in ‘‘syn’’ conformation with respect to pyridine nitrogen so as to
facilitate tridentate coordination.

In 1, 2, and 3, N1, Cl1, O1, and O2 form the basal plane and copper shows deviation
from this mean plane. Such deviations are energetically favorable and this phenomenon
is observed in related five-coordinate square-pyramidal complexes like CuCl2(L1),
CuCl(ClO4)(L1), and NiBr2(dpda) (where dpda ligand has a methyl and a phenyl group
on each of its carboxamide nitrogens) [20, 23, 43, 44]. This has a considerable

Figure 6. The 2-D lattice running diagonally along the ac plane in 4. Lattice waters are shown in ball and
stick representation. The hydrogens other than those involved in H-bonds are omitted for clarity.
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significance since the four basal atoms effectively restrict the approach of a ligand to the
sixth coordination site, thereby fixing the coordination to five [20]. The small O1–Cu1–
N1 and O2–Cu1–N1 angles (table 2) indicate the restrictions which the rigid nature of
ligand places on the donors. This makes the coordination of a carbonyl oxygen from the
apical position unlikely, as found in other tridentate complexes [45]. Thus, we see that
even if trigonal-bipyramidal symmetry is more stable in theoretical terms [46], as
compared to square-pyramidal geometry, such a coordination approach is not possible
due to steric factors.

Complex 4 has octahedral copper with apical Cu1–O distances significantly longer
than basal Cu1–O distances [45] pointing to tetragonally distorted octahedral geometry
[20]. These distortions can be attributed to the Jahn–Teller effects and the presence of
bulky isopropyl groups near the carbonyl oxygen donors. In similar copper complexes a
more regular octahedral geometry is observed when the ligand L has both methyl
groups on amide nitrogens as compared to a tetragonally distorted geometry when the
ligand contains a more bulky phenyl along with the methyl on each of the amide
nitrogens [47]. This observation is consistent with similar nickel-containing complexes
containing less bulky methyl or ethyl groups on the amide nitrogen and having more
regular octahedral geometry [12].

The Cu–O3 (anion) bond distances show a very interesting trend with increase in the
size of alkyl groups on the carboxamide nitrogens. In 2 this distance is 2.350(5) Å, less
than the range of 2.55–2.82 Å [48, 49], reported for copper(II) complexes containing
coordinated perchlorate. As the steric bulk on carboxamide nitrogens increases from
isopropyl (2) to isobutyl (3), the Cu1–O3 distance stretches from 2.350(5) to 2.539(4) Å.
Similarly, in 1 and 4 both containing triflate, the Cu1–O3 distance increases from
2.212(3) to 2.584(2) Å as the alkyl groups change from ethyl (1) to isopropyl (4). The
other trans bond in this octahedral complex is even longer, with Cu1–O7 distance
stretching to 2.760(3) Å. This can be attributed to the Jahn–Teller distortions leading to
a further increase in Cu1–O7 trans bond.

The torsion angles between the pyridine ring plane and the two carboxamide planes
also follow a similar path. In 2 and 3 the N1–C1–C7–O2 torsion angle increases from
�29.4(8) to �9.9(6)�, whereas the N1–C5–C6–O7 torsion angle decreases from 20.9� to
5.5� as the alkyl bulk on carboxamide nitrogens increases from isopropyl to isobutyl.
Similarly, the N1–C1–C7–O2 torsion angle increases from �27.2(5) to �19.9� and N1–
C5–C6–O7 torsion angle decreases from 25.1 to 16.1� as the alkyl group changes from
ethyl to isopropyl for 1 and 4, respectively. Thus, increasing the steric bulk from
isopropyl to isobutyl (in 2 and 3) or from ethyl to isopropyl (in 1 and 4) twists the N–C–
C–O torsion angles to make the pyridine N and carboxamide oxygens more coplanar.

5. Conclusions

Metathetical reactions between anhydrous CuCl2 and NaX or AgX (X¼ –OClO�3 and
�OSO2CF

�
3 ) in 1 : 1 and 1 : 2 mole ratios in the presence of L1–L3 yielded 1–4. The

X-ray crystal structures show that the alkyl groups on the carboxamide nitrogen
and the counter ions have remarkable effects on the geometrical parameters of the
complexes. Increasing alkyl bulk on the carboxamide nitrogens pushes the coordinated
counter ion further from the metal center. The particular geometry adopted by the
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metal ion depends on the counter ion used while synthesizing the complex. In complexes
where one mole of counter ion is consumed, monosubstituted square pyramidal
[CuCl(X)(L2)] are formed, while two moles of counter ion result in octahedral
[CuX2(L2)(H2O)]. Intra- and intermolecular H-bonds give interesting 1-D and 2-D
crystal structures as expected from complexes containing pyridine-based amide ligands.
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