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ABSTRACT: The protonated form [H2(L)](CF3SO3)2 (1) of
a new redox-active bis-bidentate nitrogenous heterocyclic
ligand, viz., 3,3′-dipyridin-2-yl[1,1′]bi[imidazo[1,5-a]pyridinyl]
(L), and its zinc(II) and cadmium(II) complexes (2 and 3) have
been synthesized and characterized by single-crystal X-ray
diffraction analysis. In the solid state, both 2 and 3 have triple-
stranded helical structures involving ligands that experience
twisting and bending to the extent needed by the stereo-
electronic demand of the central metal ion. The metal centers in
the zinc(II) complex [Zn2(L)3](ClO4)4 (2) are equivalent, each having a distorted octahedral geometry, flattened along the C3
axis with a Zn1···Zn1# separation of 4.8655(13) Å. The cadmium complex [Cd2(L)3(H2O)](ClO4)4 (3), on the other hand, has
a rare type of helical structure, showing coordination asymmetry around the metal centers with a drastically reduced Cd1···Cd2
separation of 4.070 Å. The coordination environment around Cd1 is a distorted pentagonal bipyramid involving a N6O donor set
with the oxygen atom coming from a coordinated water, leaving the remaining metal center Cd2 with a distorted octahedral
geometry. The structures of 2 and 3 also involve anion−π- and CH−π-type noncovalent interactions that play dominant roles in
shaping the extended structures of these molecules in the solid state. In solution, these compounds exhibit strong fluxional
behavior, making the individual ligand strands indistinguishable from one another, as revealed from their 1H NMR spectra, which
also provide indications about these molecules retaining their helical structures in solution. Electrochemically, these compounds
are quite interesting, undergoing ligand-based oxidations in two successive one-electron steps at E1/2 of ca. 0.65 and 0.90 V versus
a Ag/AgCl (3 M NaCl) reference. These molecules are all efficient emitters in the red and blue regions because of ligand-based
π*−π fluorescent emissions, tuned appropriately by the attached Lewis acid centers.

■ INTRODUCTION
The metal-assisted self-assembly of helicates is a topic of
burgeoning interest in contemporary coordination chemistry
research1−4 because of their biomimetic relevance and aesthetic
appeal.1a−c,3 Studies on the basic mechanism and the energetics
of their formation, structure, and properties of helicates help
one to understand the fundamental principles of molecular
recognition and self-organization,2 which are important for the
rational design of more complex architectures.1,3a,5 Among the
various classes of ligands that are shown to be suitable for the
construction of different types of helicates,6 polypyridines are
particularly numerous.1b,c,7−10 Many transition-metal assem-
blies with such ligands display intense photoluminescence. This
property renders these compounds to become promising
candidates in the fields of biological imaging, photochemical
catalysis, molecular optical and electronic devices, chemical
sensors, and light-driven fuel production.11−15 In this context,

d10 luminophores deserve special mention owing to their better
performance in sensor technology and electroluminescent
devices15,16 because these compounds are strongly emissive
under UV radiation and the emission energies can span over a
broad spectral range.17

Coordination complexes of π-electron-deficient heteroaro-
matic ligands are often accompanied by unique noncovalent
interactions like anion−π,18 π−π,19 and lone pair−π20
interactions. Such noncovalent interactions play a significant
role in both chemical and biological recognition.21 We have
recently synthesized22 a π-electron-deficient N-heterocyclic
compound, viz., 3,3′-dipyridin-2-yl[1,1′]bi[imidazo[1,5-a] pyr-
idinyl] (L) containing a pair of biologically relevant23

imidazo[1,5-a]pyridine moieties. The ligand L is redox-active
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and capable of acting as a bis-bidentate ligand, and its
copper(II) compound offers a unique example of valence
tautomerism in solution.24 Herein, we report the synthesis of
the protonated form of this ligand as well as its zinc(II) and
cadmium(II) complexes. The compounds have been charac-
terized by single-crystal X-ray diffraction analysis as well as by
NMR and electrospray ionization mass spectroscopy (ESI-MS).
In addition, the redox behavior and emission properties of these
complexes have been investigated.

■ EXPERIMENTAL SECTION
Materials. The ligand L was prepared as described elsewhere.22 All

other reagents were commercially available and used as received.
Solvents were reagent-grade and were dried from the appropriate
reagents25 and distilled under nitrogen prior to their use.
Preparation of Compounds. [H2(L)](CF3SO3)2 (1). An acetoni-

trile solution (5 mL) of trifluoromethanesulfonic acid was carefully
layered onto a solution of the ligand L in dichloromethane (5 mL),
forming two distinct layers. Diffusion between these two layers over a
period of 3 weeks produced a dark-red crystalline compound. Yield:
85%. Anal. Calcd for C26H18F6N6O6S2: C, 45.35; H, 2.63; N, 12.20.
Found: C, 45.02; H, 2.57; N, 12.11. FT-IR bands (KBr pellets, cm−1):
3506, 3149, 2921, 1620, 1585, 1542, 1487, 1398, 1271, 1249, 1176,
1149, 1031, 756, 640. UV−vis [CH3CN; λmax, nm (ε, L mol−1 cm−1)]:
496 (25 300), 305 (19 300), 290 (19 800).
[Zn2(L)3](ClO4)4·2.25H2O (2·2.25H2O). A methanolic solution (5

mL) of Zn(ClO4)2·6H2O (40 mg, 0.1 mmol) was carefully poured
onto a solution of the ligand L (40 mg, 0.1 mmol) in dichloromethane
(5 mL), forming two distinct layers. Diffusion between these two
layers over a period of 5 days produced a yellow crystalline compound.
Some of these crystals were of diffraction grade and were kept with the
mother liquor to prevent loss of any interstitial solvent. Drying under
vacuum for a long time afforded a fully desolvated sample, used for
various measurements including microanalysis. Yield: 41 mg (48%).
Anal. Calcd for C72H48Cl4N18O16Zn2: C, 51.05; H, 2.86; N, 14.88.
Found: C, 50.65; H, 2.91; N, 14.72. FT-IR bands (KBr pellets, cm−1):
3504, 1600, 1487, 1461, 1315, 1251, 1089, 783, 748, 700, 624. ESI-MS
(positive) in CH3CN: m/z 1204.65 [Zn2(L)2(ClO4)3]

+, 941.05
[Zn(L)2ClO4]

+, 420.07 [Zn(L)2]
2+, 226.01 [Zn(L)]2+.

[Cd2(L)3(H2O)](ClO4)4·0.5H2O (3·0.5H2O). To a stirred acetone
solution (10 mL) of the ligand L (235 mg, 0.6 mmol) was added
Cd(ClO4)2·6H2O (170 mg, 0.4 mmol) taken in acetone (10 mL). The
mixture was stirred for a period of 2 days to get a deep-yellow solution.
It was then filtered. The filtrate was layered with petroleum ether (60−
80 °C fraction) and was allowed to stand at 4 °C in a refrigerator for
about 3 days. The yellow crystalline compound deposited at this stage
was collected by filtration. Some of these crystals were of diffraction
grade and were kept with the mother liquor to prevent the loss of
interstitial solvent. Drying under vacuum at room temperature over
CaCl2 afforded a fully desolvated sample, used for various measure-
ments including microanalysis. Yield: 150 mg (43%). Anal. Calcd for
C72H50N18Cl4O17Cd2: C, 47.94; H, 2.77; N, 13.98. Found: C, 47.69;
H, 2.80; N, 13.77. FT-IR bands (KBr pellets, cm−1): 3589, 2923, 1639,
1596, 1485, 1460, 1373, 1313, 1249, 1087, 781, 748, 669, 621. UV−vis
[CH3CN; λmax, nm (ε, L mol−1 cm−1)]: 371 (29 500), 269 (43 200).

Caution! Perchlorate salts of metal complexes containing organic
ligands are potentially explosive26 and should be handled in small
quantities with suf f icient care.

Physical Measurements. Elemental (C, H, and N) analyses were
performed at IACS on a Perkin-Elmer model 2400 series II CHNS
analyzer. 1H NMR spectra were recorded using Bruker model Avance
DPX 300 and Bruker Avance 600 spectrometers at ambient
temperature. 113Cd NMR spectra were obtained on a JEOL Lambda
500 NMR spectrometer with the data analysis system (ALICE)
operating at ambient temperature (299 K). Cadmium acetate was used
as the external reference (δ0). Emission spectra in solution as well as in
the solid state were recorded on a Perkin-Elmer LS55 luminescence
spectrophotometer. UV−vis, IR, and ESI-MS spectra were recorded
using the same instrumentation facilities as those described else-
where.27 Cyclic voltammetry in N,N-dimethylformamide (DMF) was
recorded on a BAS model 100 B/W electrochemical workstation using
a platinum disk (i.d. = 1.6 mm) working electrode and a platinum wire
counter electrode. Ag/AgCl (3 M NaCl) was used for the reference
and a Fc/Fc+ couple as the internal standard.28 Solutions were ∼1.0
mM in samples and contained 0.1 M tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte. Bulk electrolyses were carried
out using a platinum-gauze working electrode at 298 K.

X-ray Crystallography. Diffraction-quality crystals of 1 (needle-
like, red, 0.28 mm × 0.02 mm × 0.01 mm), 2 (platelike, yellow, 0.12

Table 1. Summary of X-ray Crystallographic Data for Complexes 1−3

parameter 1 2·2.25H2O 3·0.5H2O

composition C26H18N6O6F6S2 C72H52.5Cl4N18O18.25Zn2 C72H51N18O17.5Cl4Cd2
fw 688.58 1734.36 1814.91
cryst syst monoclinic monoclinic triclinic
space group P21/c C2/c P1 ̅
a, Å 5.3667(8) 23.725(4) 10.9650(15)
b, Å 17.057(3) 13.5241(19) 15.101(2)
c, Å 15.106(2) 23.990(4) 22.596(3)
α, deg 90.0 90.0 91.733(2)
β, deg 98.553(6) 109.466(3) 96.585(3)
γ, deg 90.0 90.0 106.162(2)
V, Å3 1367.4(4) 7257(2) 3562.3(8)
Dcalc, Mg m−3 1.672 1.587 1.692
temp, K 296(2) 193(2) 193(2)
λ, Å 0.710 73 0.774 90 0.774 90
Z 2 4 2
F(000), μ mm−1 700/0.292 3538/1.126 1826/1.038
2θmax, deg 67.38 51.52 51.26
reflns collected/unique 15 115/5056 14 947/5360 26 166/10350
Rint 0.0847 0.0486 0.0629
no. of param 208 565 1108
R1(Fo), wR2(Fo) [I ≥ 2σ(I)] 0.0909, 0.2087 0.0524, 0.1350 0.0729, 0.1859
R1(Fo

2), wR2(Fo
2) (all data) 0.2158, 0.2752 0.0714, 0.1471 0.1017, 0.2011

GOF on F2 1.314 1.018 1.072
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mm × 0.08 mm × 0.01 mm), and 3 (needlelike, yellow, 0.3 mm × 0.02
mm × 0.01 mm) were collected from their respective reaction pot.
Crystals were mounted on glass fibers and aligned on a Bruker
Platinum 200 CCD diffractometer in the case of 2 and 3, while a
SMART APEX II CCD diffractometer was employed for 1. Solvent-
losing crystals (2 and 3) were coated with paraffin oil and were placed
in the cold stream of liquid nitrogen for low-temperature data
collection. Intensity data were collected with silicon 111 mono-
chromatized synchrotron radiation (λ = 0.774 90 Å) at 193(2) K using
the ω-rotation scan techniques with narrow frames for 2 and 3.
Intensity data for compound 1 were measured by employing a
monochromatized Mo Kα radiation (λ = 0.710 73 Å) source using ϕ
and ω scan techniques at 296(2) K. No crystal decay was observed
during the data collections. Intensity data were corrected for empirical
absorption. In all cases, absorption corrections based on multiscans
using SADABS software29 were applied. The structures were solved by
direct methods,30 and least-squares refinements [anisotropic displace-
ment parameters, hydrogen atoms (except those bound to water) in
the riding model approximation, and a weighing scheme of the form w
= 1/[σ2(Fo

2) + (aP)2 + bP] for P = (Fo
2 + 2Fc

2)/3] were on F2.30

Bruker SHELXTL31 was used for both structure solutions and
refinements. A summary of the relevant crystallographic data and
the final refinement details are given in Table 1. All non-hydrogen
atoms were refined anisotropically. Geometrical and displacement
parameter restraints were used in modeling the perchlorate counter-
ions (for 2 and 3). Hydrogen atoms were placed geometrically and
constrained using a riding model, except for the water-bound
hydrogen atoms. These hydrogen atoms could neither be placed nor
found in the difference map and were omitted from the refinements.
The SMART and SAINT software packages32 were used for data
collection and reduction, respectively. Crystallographic diagrams were
drawn using the DIAMOND software package.33

■ RESULTS AND DISCUSSION
Syntheses. The protocol followed for the synthesis of 1−3

is summarized in Scheme 1. The ligand L has identical halves,

each containing three different heterocyclic rings, viz., imidazole

(A), isolated pyridine (B), and fused pyridine (C) rings, which

will be designated as im, py, and azopy rings, respectively, in the
following part of this discussion. Like other linear oligopyridine
molecules, the present N-heterocyclic ligand (L) is also a
grossly planar molecule in the solid state with a transoid
arrangement of the donor nitrogen atoms about their respective
interannular C−C bonds (shown in Figure 1a,b).22 During its
coordination to a metal ion, the donor nitrogen atoms adopt
cisoid conformations (Figure 1c,d) about the interannular C−C
bonds.34 In addition, the stereoelectronic demands of the
individual metal ions can also control the extent of twist and
bending around the C−C bond between central aromatic rings
of L to generate complexes with different helical topologies.
Both zinc(II) and cadmium(II) ions form dinuclear triple-
stranded helicates in 2 and 3. Of particular interest here is the
larger size of the cadmium(II) ion, which needs an additional
water molecule to complete a seven-coordination geometry
around one of the metal sites in 3, thus generating a rare variety
of triple-stranded helicate with a homotopic ligand, showing
coordination asymmetry at the metal centers. Interestingly, the
ligand L in combination with H+, which may be regarded as a
metal ion (Lewis acid) of very small size with no specific
stereochemical preference, generates an almost planar molecule
[H2(L)](CF3SO3)2 (1). Orientation of the rings in this
compound as revealed from its crystal structure (see later)
indicates a grossly planar structure with cisoid conformations
for the terminal imidazopyridine moieties.
IR spectra of complexes 1−3 contain all of the pertinent

bands of the N-heterocyclic ligand L appearing at ca. 1600,
1485, 1461, 1313, 1247, and 770 cm−1. Compound 1 displays a
strong band at 1240 cm−1 due to a CF3SO3

− counteranion.35 A
couple of strong bands appearing at ca. 1089 and 624 cm−1 in 2
and 3 provide the signature for the ClO4

− counteranion.35

The ESI-MS spectrum (positive ion mode) recorded in
acetonitrile for compound 2 is displayed in Figure 2. The
highest mass cluster corresponding to the cation
[Zn2(L)2(ClO4)3]

+ is obtained at m/z 1204.65 with this
compound. It also displays peaks due to other ionic species,
viz., [Zn(L)2ClO4]

+, [Zn(L)2]
2+, and [Zn(L)]2+ at m/z 941.05,

420.07, and 226.01, respectively. The observed isotopic
distributions and their simulation patterns are in agreement
with these assigned formulations, as shown in Figure 2 for a
representative signal. Compounds 1 and 3, however, appeared
to be fragile under the conditions of ESI-MS ionization and
failed to provide the corresponding molecular-ion peaks.

Description of Crystal Structures. The molecular
structure and atom labeling scheme for compound 1 is
shown in Figure 3, and the relevant metrical parameters are
compiled in Table S1 (in the Supporting Information). The
compound crystallizes in the monoclinic space group P21/c
with two molecular weight units accommodated per cell. It has
a 2-fold axis of symmetry. The cationic part exhibits a cis−
trans−cis conformation about the sequential interannular C−C
bonds. The central im rings lie in a unique plane (dihedral
angle 0°), while the terminal py rings, unlike in the free
ligand,22 deviate from the central plane (dihedral angle 15.35°)
of the molecule. The cis conformation of the adjacent py and
im rings (with donor nitrogen atoms N1 and N4, both facing
the proton H5A) is driven by their attachment to the incoming
proton H5A. The observed cisoid conformations of the py−im
domains are stabilized by the short contact distances of the
hydrogen-bonded triflate anion (O2---H5A, 2.129 Å) with
pyridine nitrogen atom N1 (O2---N1, 2.856 Å) and im nitrogen
atom N4 (O2---N4, 3.646 Å; Figure 3). Protonation also has a

Scheme 1. Protocol Followed for the Synthesis of
Compounds 1−3
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stake in the nonplanar structure of this molecule, as reflected
from the lowering of the bridge angles between the py and im
rings (N1−C5−C6, 114.10°; N4−C6−C5, 120.81°), which are
smaller than the angle between the central im−im rings (C8−
C7−C7′, 127.56°; N4−C7′−C7, 122.28°].
The perspective view of the molecular structure of 2 with an

atomic labeling scheme as well as the one using a space-filling
model are shown in Figures 4 and S1 (in the Supporting

Information), respectively, which provide confirmatory evi-
dence in support of its dinuclear triple-helical structure. Some
selected metrical parameters are displayed in Table 2. The

compound crystallizes in the monoclinic space group C2/c with
four molecular weight units accommodated per cell. The
presence of a crystallographic inversion center implies the
equivalence of the zinc(II) centers in this molecule. The cation
has an approximate D3 symmetry with three bis-bidentate
ligands getting wrapped around the Zn−Zn axis in such a way
as to give the zinc(II) cation a distorted octahedral geometry,
which is defined by three py and three im nitrogen atoms, so
that the donor set is in a cis-N6 conformation. Four donor
atoms (N1, N4, N7, and N8) from the ligand strands occupy

Figure 1. Schematic representations of the transoid conformations of the free ligands (a) 2,2′-bipyridine and (b) L, while parts c and d represent the
corresponding cisoid conformations of these two molecules in the presence of metal ions or H+.

Figure 2. Peak corresponding to the cation [Zn2(L)2(ClO4)3]
+ in the

ESI-MS spectrum (positive) for complex 2 in acetonitrile with
simulated (above, a) and observed (below, b) isotopic distributions.

Figure 3. Molecular structure with an atom labeling scheme for the
protonated form 1 of the ligand.

Figure 4. Wire-frame presentation with an atomic labeling scheme of
the triple-helical structure of the cation in 2. Each ligand is shown in a
different color.

Table 2. Selected Bond Distances (Å) and Angles (deg) for
2a

Bond Distances (Å)

Zn1−N1A 2.180(5) Zn1−N2A 2.193(4)
Zn1−N4 2.120(4) Zn1−N6 2.210(5)
Zn1−N7 2.187(5) Zn1−N8 2.131(5)

Bond Angles (deg)

N1A−Zn1−N2A 77.24(17) N1A−Zn1−N4 90.77(17)
N1A−Zn1−N6 96.26(18) N1A−Zn1−N7 98.30(19)
N1A−Zn1−N8 170.91(18) N2A−Zn1−N4 104.53(17)
N2A−Zn1−N6 173.37(17) N2A−Zn1−N7 89.04(17)
N2A−Zn1−N8 95.01(17) N4−Zn1−N6 76.56(17)
N4−Zn1−N7 165.12(17) N4−Zn1−N8 95.82(17)
N6−Zn1−N7 90.68(18) N6−Zn1−N8 91.36(17)
N7−Zn1−N8 76.60(18)

aSymmetry operation of equivalent atoms: A, −x, y, −z + 1/2.
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the basal plane and lie −0.163, 0.171, 0.188, and −0.196 Å,
respectively, out of the least-squares plane through them. The
apical positions are taken up by the N2 and N6 donor atoms.
The trans angles N1−Zn−N8 [170.91(18)°], N2−Zn−N6
[173.37(17)°], and N4−Zn−N7 [165.12(17)°] are close to
linearity. As a result of small N(im)−Zn−N(py) bite angles
[76.56(17)−77.24(17)°] within each chelate, the coordination
spheres around the zinc(II) center may be described as
octahedra flattened along the C3 axis, where each zinc(II) atom
is displaced by 0.050 Å out of their least-squares basal plane
toward the center of the molecule. The Zn−N bond distances
[2.120(4)−2.210(5) Å] are in the expected range.36 The three
ligand strands in 2 are twisted to different extents (by 85.74°,
67.11°, and 67.11°) about their central C−C (im−im) bond to
generate helicity in the molecule. The Zn1···Zn1# separation is
4.866 Å. In addition, an all-cisoid nitrogen-donor conformation
of the molecule brings two im rings and two azopy rings into
closer proximity [interplanar distances 3.372(4) and 3.649(4)
Å, respectively]. Such small interplanar distances generate
extensive intramolecular π−π-stacking interactions between the
adjacent ligand strands along with anion−π interactions
involving the perchlorate anion (Figure S2 in the Supporting
Information). These π−π-stacking interactions are of the
classical type,37 as judged by the dihedral angles of 3.45° and
0° between the im−im and azopy−azopy π planes, respectively.
Crystal and molecular structures of 3 along with its space-

filling model are shown in parts a and b of Figure 5,

respectively. Relevant metrical parameters are summarized in
Table 3. The compound crystallizes in the triclinic space group
P1̅ with two molecular weight units accommodated per cell.
The dinuclear cation [Cd2(L)3(H2O)]

4+ adopts a triple-helical
structure, where the three ligand strands are twisted to different
extents (42.44°, 38.34°, and 33.33°) about their central
interannular C−C (im−im) bond and are wrapped around a
pseudo-C3 axis passing through the metal ions. The
coordination environment around Cd1 is best described as a
distorted pentagonal bipyramid with a N6O donor unit in
which the basal plane is occupied by four nitrogen atoms (N1,
N8, N13, and N2) coming from the bis-bidentate ligands and
an oxygen atom (O1W) contributed by a coordinated water
molecule. The epical positions are taken up by N7 and N14
atoms. The cis angles in the basal plane are in the range
67.5(3)−80.0(3)°, showing moderate deviations from the ideal
angle of 72° that force the Cd1 atom out of the least-squares
basal plane by 0.179 Å toward the center of the molecule. The
trans angle N7−Cd1−N14, 171.9(3)°, is close to linearity. The
coordination environment around Cd2, on the other hand, is

distorted octahedral, with four basal positions being taken up
by N11, N18, N5, and N12 atoms. The epical sites are occupied
by N6 and N17 atoms, contributed also by the ligand strands.
One of the trans angles in the basal plane N12−Cd2−N5,
152.9(3)°, is considerably short of linearity, and the Cd2 atom
is shifted by 0.192 Å out of the least-squares basal plane toward
the center of the molecule. These displacements of Cd1 and
Cd2 toward the center reduces the separation between the
metal centers (Cd1---Cd2 distance 4.070 Å) to an appreciable
extent. The Cd−N bond distances [2.266(8)−2.458(8) Å]
except Cd1−N2 are in the expected range,38 and the bond
lengths to the im nitrogen atoms are shorter than the bond
lengths to pyridine nitrogen donor atoms. The Cd1−O1W
bond length, 2.476(8) Å, is only slightly larger than that
normally found in other cadmium(II) compounds.39 The
Cd1−N2 bond length, 2.763(9) Å, is longer than normal Cd−
N bonds but much shorter than the sum of the corresponding
van der Waals radii (4.04 Å), indicating that the Cd1 center is
seven-coordinated.
The remarkable features in the structure of 3 are the

presence of hither to unknown anion−π−π−π−π−anion and
−anion−π−π−π−π−anion−π−π−π−π−anion−π−π−π−π−
chain interactions. As depicted in Figure 6a, O32 and the
disordered O33 (O33′) oxygen atoms of perchlorate ions
interact simultaneously with one face of an intramolecularly
stacked πazopy−πazopy aromatic ring system, which, in turn, is
involved in intermolecular π−π-stacking interactions with the
azopy ring of another tetracation, thus generating an anion
π−π−π−π−anion interaction (Figure 6b). The O33 (O33′)
and O32---ring plane distances are in the range 3.04(2)−
3.665(17) Å, reflecting strong-to-moderate anion−π interac-
tions.18n The intramolecular πcentroid−πcentroid and intermolecular
πcentroid−πcentroid distances are 3.543(6) and 3.875(7) Å,
respectively. The perchlorate oxygen atom O33 again has
established O33−π−π−π−π−O33 interactions (Figure 6b)
involving a similar type of intra- and intermolecular face-to-face

Figure 5. (a) Wire-frame with an atomic labeling scheme and (b) a
space-filling representation of the triple-helical structure of the cation
in 3, showing coordination assymmetry. Each ligand is shown in a
different color.

Table 3. Selected Bond Distances (Å) and Angles (deg) for 3

Bond Distances (Å)

Cd1−O1W 2.476(8) Cd2−N5 2.266(8)
Cd1−N7 2.458(8) Cd2−N11 2.332(7)
Cd1−N13 2.447(8) Cd2−N17 2.332(7)
Cd1−N1 2.363(8) Cd2−N6 2.447(8)
Cd1−N8 2.287(8) Cd2−N12 2.381(8)
Cd1−N14 2.377(7) Cd2−N18 2.383(8)
Cd1−N2 2.763(9)

Bond Angles (deg)

O1W−Cd1−N1 79.7(3) N5−Cd2−N6 69.8(3)
O1W−Cd1−N8 124.1(3) N5−Cd2−N12 152.9(3)
O1W−Cd1−N14 97.3(3) N5−Cd2−N18 83.7(3)
N1−Cd1−N8 142.6(3) N6−Cd2−N12 86.7(3)
N1−Cd1−N14 83.4(3) N6−Cd2−N18 99.3(3)
N7−Cd1−N13 117.5(3) N11−Cd2−N17 110.1(3)
N8−Cd1−N13 80.0(3) N12−Cd2−N17 82.1(3)
N13−Cd1−N14 69.7(3) N17−Cd2−N18 71.7(3)
O1W−Cd1−N7 82.0(3) N5−Cd2−N11 90.9(2)
O1W−Cd1−N13 72.0(3) N5−Cd2−N17 124.2(3)
N1−Cd1−N7 88.5(3) N6−Cd2−N11 80.6(3)
N1−Cd1−N13 137.4(3) N6−Cd2−N17 160.8(3)
N7−Cd1−N8 69.5(3) N11−Cd2−N12 71.5(2)
N7−Cd1−N14 171.9(3) N11−Cd2−N18 174.3(2)
N8−Cd1−N14 116.9(3) N12−Cd2−N18 114.2(3)
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(F-type) π stacking. Intramolecular π−π stacking exists
between a py ring and an azopy ring, while the intermolecular
stacking involves two azopy rings. The intra- and intermo-
lecular πcentroid−πcentroid distances are 3.862(6) and 3.623(6) Å,
respectively (Table S2 in the Supporting Information).
Simultaneous interactions of O33 with two π−π−π−π-stacked
moieties generate an −anion−π−π−π−π−anion−π−π−π−π−
anion−π−π−π−π− oligomeric arrangement with a helical
topology (Figure 6c).

1H NMR Spectroscopy. The 1H NMR spectra of 2 and 3 in
acetonitrile-d3 have been recorded at room temperature, and
the data are summarized in Table 4. For comparison, the data
for the free ligand (L) are also included in that table. The

spectrum of 2 (Figure 7) contains four doublets and four
triplets in the region of 8.37−6.36 ppm. Assignments of these
signals become straightforward when compared with the
corresponding 2D 1H−1H correlation spectrum (Figure S3 in
the Supporting Information). The pyridine protons H2 and H3
(proton labels are as shown in Figure 7, inset) are shifted
downfield (Δδ = 0.5 and 1.03 ppm, respectively, with respect to
the free ligand), as expected for a typical N coordination from a
pyridine ring.40 The remaining pyridine ring protons H1 and
H4 and the two fused pyridine ring (azopy) protons H7 and
H8 are significantly shielded in 2 (Δδ = 2.05, 1.08, 0.86, and
2.15 ppm, respectively). This is as expected from its triple-
helical structure (vide supra) in which the pyridine ring protons

Figure 6. (a) Crystallographic evidence for the rare multiple −anion−π−π−π−π−anion−π−π−π−π−anion−π−π−π−π− chain interactions in 3.
Three perspective views are shown in parts a−c. In part b, the nonrelevant atoms have been omitted for clarity, and in part c, a view of the 1D helical
chain generated by these chain interactions is displayed.

Table 4. 1H NMR Spectral Data (δ, ppm)a at Room Temperature for the Free Ligand L and Complexes 2 and 3

Lb 2b 3b Assignments

10.04 (7.3) d 2H 7.99 (4.8) d 2H 8.02 (3.8) d 2H H1, H1′
8.81 (9.0) d 2H 7.73 (8.2) d 2H 7.58 (8.0) d 2H H4, H4′
8.68 (4.7) d 2H 8.36 (7.2) d 2H 8.40 (6.6) d 2H H5, H5′
8.53 (8.1) d 2H 6.38 (9.1) d 2H 6.84 (8.1) d 2H H8, H8′
7.88 (7.7, 1.60) dt 2H 7.02 (8.9) t 2H 7.12 mc 2H H7, H7′
7.24 (5.4) t 2H 7.11 (6.6) t 2H 7.12 mc 2H H6, H6′
7.03 (8.8) t 2H 8.06 (7.8) t 2H 7.79 (7.9) t 2H H3, H3′
6.84 (6.3) t 2H 7.34 (7.4) t 2H 7.12 mc 2H H2, H2′

aChemical shifts (δ) relative to internal tetramethylsilane. Proton labels are as shown in the insets in Figure 7: d, doublet; t, triplet; dt, doublet of
triplet; m, multiplet. Values in parentheses represent the coupling constants (J in Hz). bSpectrum recorded in acetonitrile-d3.

cH7, H7′, H6, H6′, H2,
and H2′ protons exists together as multiplets in 3.
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H1 and H4 and the azopyridine ring protons of one ligand
strand are held within the shielding regions of the aromatic
rings of the other ligand strands. The rest of the protons H5
and H6 belonging to the azopyridine ring are only marginally
modified and are shielded in the complex to give signals at 8.36
and 7.11 ppm (Δδ = 0.32 and 0.13 ppm, respectively). Thus,
the triple-helical structure that leads to intramolecular π-
stacking interactions as observed in the solid state appears to be
retained in solution also.
Almost a similar 1H NMR spectrum (Figure S4 in the

Supporting Information) is obtained for the cadmium(II)
complex, except for minor chemical shift differences (Table 4)
due to a more flattened structure of 3, which enforces the
aromatic rings in this compound to come closer relative to its
zinc(II) counterpart. The corresponding 2D correlation
spectrum (Figure S5 in the Supporting Information) is used
as a guide for a complete interpretation of this spectrum.
Finally, as revealed from Figures 7 and S4 in the Supporting

Information, the 1H NMR spectra of 2 and 3 in solution at
room temperature are perfectly symmetric. The molecular
structures of these compounds in the solid state show that the
different ligand strands are twisted to different extents about
their central C−C (im−im) bond and some rings are more
closely stacked than the others. The symmetric nature of the
spectra indicates that the structures are showing fluxional
behavior on the NMR time scale, giving an average structure in
solution in which all of the three ligands appear to undergo the
same degree of twist and π-stacking interactions.

113Cd NMR Spectroscopy. To understand more about the
solution structure of 3, the 113Cd NMR spectrum of the
complex has been recorded in CD3CN at room temperature.
The spectrum as displayed in Figure S6 in the Supporting
Information features a strong singlet at 197.93 ppm. The result
clearly indicates that both cadmium(II) centers in 3 have an
identical coordination environment when present in solution,
unlike in the solid state.
Electrochemistry. The electrochemical behaviors of

complexes 2 and 3 have been examined by cyclic voltammetry
(CV) in DMF (0.1 M TBAP) using a platinum working
electrode under an envelope of purified dinitrogen at 25 °C in
the potential range of −2.0 to +2.0 V versus a Ag/AgCl (3 M
NaCl) reference. The voltammetric features are roughly
identical for both of these compounds. The cyclic and
normal-pulse voltammograms of 2 in the potential range 0 to
+1.2 V are displayed in Figure 8 as representative examples.
The corresponding figure for 3 is displayed in Figure S7 in the
Supporting Information. The voltammogram includes two

electrochemical responses at (E1/2)I = 0.64 V (process I) and
(E1/2)II = 0.91 V (process II) involving identical number of
electrons. Corresponding potentials are 0.66 and 0.90 V for 3.
On the basis of a comparison with a ferrocenium/ferrocene
couple (ΔEp, 70 mV at 100 mV s−1)28 as well as using the
criteria of the scan rate (50−500 mV s−1) dependence of the
peak current and width and equivalence of the cathodic and
anodic peak current heights, processes I and II (ΔEp, 62 and 75
mV for 2 and 60 and 56 mV for 3 at 100 mV s−1 for processes I
and II, respectively) may be appropriately described as
reversible,41 involving a single electron. Both processes are
anodic, as judged by the steady-state voltammetry (using an
ultramicro platinum electrode, 10 μM in diameter). The cyclic
voltammogram for the free ligand L reveals two reversible
oxidation couples appearing at 56 and 78 mV versus a Ag/AgCl
reference in DMF.22 Taking a cue from that study, processes I
and II for complexes 2 and 3 may be regarded as arising from
the ligand-based electron transfers presented by eqs 1 and 2
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where M = Zn or Cd.
The electron stoichiometries for these couples in compound

2 were confirmed by constant-potential coulometric experi-
ments with a platinum gauze working electrode. Exhaustive
electrolysis past the first oxidation process (Ew = +0.75 V)
established a single-electron stoichiometry (n = 0.95 ± 0.06 F
mol−1) for this couple. Similar experiments for the second
oxidation process (Ew = +1.10 V), however, did not yield any
meaningful results because of unidentified electrode reaction-
(s). Nevertheless, the monoelectronic nature of the latter
process has been established from the normal- and differential-
pulse voltammetry experiments that display identical current
heights for both couples, as shown in Figure 8 (insets). The
electrochemical results are thus consistent with two successive
ligand-based one-electron oxidation steps, as depicted by eqs 1
and 2.

Figure 7. 300 MHz 1H NMR spectrum of 2 in acetonitrile-d3 at 293 K.

Figure 8. Cyclic voltammogram of 2 in a DMF solution (0.1 M
TBAP) at 298 K; potentials versus Ag/AgCl (3 M NaCl), at a
platinum working electrode; scan rate 100 mV s−1. The insets show the
differential- and normal-pulse voltammograms, establishing the
involvement of an identical number of electron(s) for both processes
I and II.
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Luminescent Properties. The luminescent properties of
compounds 1−3 have been investigated in solution (CH2Cl2/
CH3CN, 1:100, v/v) as well as in the solid state. The spectra in
solution are displayed in Figure S8 in the Supporting
Information, and those in the solid state, together with that
of the free ligand L, are shown in Figure 9. Despite the

similarities (between 2 and 3) of their spectra in solution, the
emission spectra of the compounds in the solid state are quite
different. The emission maximum of L is red-shifted by 30 nm
compared to that in solution. Compounds 2 and 3 display a
blue shift in the fluorescence energy in going from the solution
to the solid state with λmax at 456 and 471 nm, respectively, thus
providing the appearance of blue luminescence. Compound 1,
on the other hand, exhibits a bright-red emission band with a
maximum at 618 nm, showing a red shift of 58 nm from its
emission in solution. The lifetimes of these solid-state
emissions are close to 2.9 ns for the main component,
suggesting that luminescence of the compounds is probably
caused by π*−π transitions. The excitation band maxima of the
compounds are in the range 396−429 nm. Therefore, the
compounds in the solid state exhibit intriguing fluorescence
character, transforming UV and violet light to blue or red
fluorescence. The deviations of the solid-state emissions from
those in solutions are likely to originate from the crystal
packing differences of the compounds in the solid state. Diverse
noncovalent supramolecular interactions, viz., large numbers of
π−π-stacking, anion−π, and lone pair−π interactions, are likely
to have causative influences in the shift of the emission energy,
observed in the solid state.

■ CONCLUSIONS

The protonated form (1) of the ligand L and its coordination
complexes with zinc(II) and cadmium(II) (2 and 3) have been
synthesized. The complexes are binuclear with triple-stranded
helical topology and significantly altered distances between the
metal centers (4.865 Å in 2 vs 4.070 Å in 3); all of these are
controlled by the stereoelectronic demand of the central metal
ions. The helicity in 3 is quite unique, showing coordination
asymmetry around the cadmium(II) centers. The structures in
the solid state also involve multiple anion−π interactions,

extending up to several aromatic π systems. These noncovalent
interactions play dominant roles in shaping the extended
structures of these compounds in the solid state. In solution,
however, both 2 and 3 exhibit fluxional behavior making the
individual ligand strands indistinguishable from one another as
revealed from 1H NMR spectroscopy. Electrochemically, these
compounds (2 and 3) are also interesting, undergoing ligand-
based oxidations in two successive single-electron steps. The
compounds (1−3) are all efficient emitters in the blue and red
regions, respectively, because of ligand-based π*−π fluorescent
emissions, tuned appropriately by the attached Lewis acid
centers, be it metal or hydrogen ions.
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