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Photoluminescent and Cytotoxic Properties of Multinuclear Complexes
and Multinuclear-based Polymers with Group 12 Metals and Tripodal
Ligand

Jin’an Zhao,** Kun Peng,” Yan Guo,” Jin Zhang,” Shufang Chen," and Jiyong Hu**

Four novel multinuclear complexes and multinuclear-based
polymers with group 12 metal centers, namely, Zn;(tpbb)Cl, (1),
{[Cd4(tpbb),Cl;,]-2CHCl;-0.5H,0}, (2), Hg,(tpbb)Brg (3), and
Hg,(tpbb)Ig (4), have been synthesized with respect to a new
flexible 1,3,5-Tris((2-(pyridine-2-yl)-1H-
benzo[d]imidazol-1-yl) methyl) benzene (tpbb). Complex 1 is a

tripodal  ligand,
trinuclear cluster, after being determined by X-ray crystallog-
raphy, while 2 features an unprecedented hexanuclear metal-
lacycle-based 2D network with chloride ion bridges. The similar
umbrella-like tetranuclear architecture of 3 and 4 with different
Hg(Il)-halide salts demonstrate that halide with the same tetra-
hedral coordination geometry of metal center do not greatly
affect the structure of the complexes. Photoluminescent studies
indicate that complexes 1 and 2 reveal enhanced and red-shifted
solid-state fluorescence at room temperature compared with
ligand tpbb, while 3 and 4 show prominent phosphorescence
behaviors at cryogenic temperatures with lifetimes in microsec-
ond range. Additionally, being tested against a panel of several
human carcinoma cell lines (SH-SY5Y, QBC939 and EC109)
by standard MTT assay, complex 1 displayed potential cytotoxi-
city against SH-SYS5Y and QBC939 cells, and selectivity to
different tumor cell lines.

Introduction

Generation of multinuclear complexes is of great prosperity
as a consequence of their diverse fascinating functionalities for
potential applications in areas like pharmaceutical, photolumi-
nescent and magneto-chemistry.'! Meanwhile, as interest in the
field of metallosupramolecular chemistry continues to grow,
fabrication of multinuclear-based polymers, which possess more
stable and intriguing high-dimensional architectures and topolo-
gies, is also pretty significant. In recent years, Sun et.al con-
ducted in-depth research to construct multinuclear complexes
and multinuclear-based polymers, and several high-nuclear sil-
ver clusters as well as multinuclear silver-based polymers with
interesting structures were reported.” Being an important class
of multinuclear complexes and multinuclear-based polymers,
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compounds containing group 12 elements are particularly attrac-
tive for many reasons: the variety of coordination numbers and
geometries provided by the d'® configuration of the group 12
metal ions, photoelectric properties, fluorescence properties,
widespread applications of group 12 compounds, the essential
role in biological systems of zinc, and so on.® Thus, the design
of different multinuclear complexes and multinuclear-based
polymers with group 12 metal centers becomes a pivotal task, in
which the organic ligands play a very crucial role.

Tripodal ligands, because of the disparity of physicochemical
and structural features displayed by their metal complexes,®
have received considerable attention. From the previously re-
ported studies, N-heterocyclic tripodal ligands have been proved
to be one of the most useful organic connectors for the construc-
tion of novel multinuclear complexes and multinuclear-based
polymers with specific structures and interesting properties. For
example, Sun and co-workers have constructed a series of cage-
like complexes through the application of 1,3,5-tris(imidazol-1-
ylmethyl)-2,4,6-trimethylbenzene.” Recently, in the group of
Zheng, four polymers with specific structures and topologies
were reported by assembly of Cd(II) and Co(II) with an N-
centered tripodal ligand.® Among the reported N-heterocyclic
tripodal ligands, most contained pyridyl or imidazolyl groups as
donors, the ones tethered with benzimidazole unit, however, are
relatively rare. Wang group have reported some Cu(I) and Pt(II)
trinuclear structures by utilizing a rigid benzimidazole-
1,3,5-tris[2-(2-
pyridyl)benzimidazolyl]benzene, as the connector.” In contrast

containing tripodal ligand,
to the rigid tripodal ligands with little or no conformational
changes when they interact with metal salts, the flexible tripodal
ligands have much more possible coordination modes than the
rigid ones due to their flexibility and low symmetry, since the
flexible ligands can adopt different conformations according to
the geometric needs of different metal ions.®

Taking the aforementioned perspectives into consideration, an
unexplored tripodal ligand, 1,3,5-Tris((2-(pyridine-2-yl)-1H-
benzo[d]imidazol-1-yl) methyl) benzene (tpbb), in which the
coordinating benzimidazole groups were connected to pyridyl
units as well as to the central aromatic ring through the meth-
ylene, was synthesized in our group (Scheme 1). A variety of
multinuclear complexes and multinuclear-based polymers could
be expected for such flexible ligand not only has the merit of
benzimidazole, which allow easy derivation and potentially
strong ©---m stacking interaction to form supramolecular struc-
tures, but also bears the virtue of -CH,— that can freely bend and
rotate to interact with metal centers.” Herein, four group 12 met-
al-based complexes with tpbb, namely, Zns(tpbb)Cls (1),
{[Cd¢(tpbb),Cl;,]-2CHCI;-0.5H,0},, (2), Hgy(tpbb)Brg (3), and
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Hgy(tpbb)Ig (4), were generated. Photoluminescent studies indi-
cate that complexes 1 and 2 exhibit enhanced and red-shifted
solid-state fluorescence at room temperature compared with
ligand tpbb, while 3 and 4 demonstrate prominent phosphores-
cence behaviors at cryogenic temperatures with lifetimes in
microsecond range. Additionally, being tested against a panel of
several human carcinoma cell lines (SH-SY5Y, QBC939 and
EC109) by standard MTT assay, complex 1 displayed potential
cytotoxicity against SH-SYS5Y and QBC939 cells and selectivity
to different tumor cell lines.
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Scheme 1. The structure of tpbb.

Results and Discussion
Crystal structure of Zn;(tpbb)Clg (1).

The molecular structure of complex 1 crystallizes in a trigonal
system, space group R-3, yet with the three Zn(II) centers che-
lated by tpbb, which has a cis, cis, cis-conformation in 1 and
acts as a tridentate linker using its three arms to coordinate with
three Zn atoms in the same manner as depicted in Fig. 1 (for
structure as thermal ellipsoid model, see Fig. S1). In each frag-
ment, one Zn(II) ion assumes a distorted tetrahedral geometry
via coordinating with two nitrogen atoms (N1, N3) from ben-
zimidazole and pyridyl groups as well as two CI™ (Cl1, CI2) with
the average Zn-N and Zn—Cl bond distances are 2.060 and
2.204 A, respectively. The bond angles around Zn(II) ions vary
from 78.95(12)° to 119.61(11)°.

Fig. 1 The trinuclear framework of complex 1 (all hydrogen atoms and
solvent molecules are omitted for clarity).
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The structure of 1 is stabilized by face-to-face m---m interac-

125 tions between the adjacent imidazole ring and pyridine ring with

centroid separation of 3.832(4) A and the dihedral angle of
11.2(3)° (1-x, 1-y, 1-z). Further, the trinuclear motif is, which
can be seen in Fig. S2, stabilized by C13-H13A---CI1* hydro-
gen bond (3.620(5) A) (*4/3-y, 2/3+x-y, -1/3+2),'" and the struc-
tures are ultimately connected into a 3D supramolecular network
by the hydrogen-bonding as well as the n- -7 interactions.

Crystal structure of {[Cd(tpbb),Cl,,]-2CHCl;-0.5H,0}, (2).

Complex 2 belongs to the trigonal system with R-3 space
group. As seen in Fig. 2a (for structure as thermal ellipsoid
model, see Fig. S3), the octahedral Cd atom is six-coordinated
by two N atoms from one tpbb with the bond lengths of Cd1—
N1, Cd1-N2 being 2.443(10) and 2.339(8) A, and the four re-
maining sites of Cd are occupied by four chloride anions with
the bond lengths of Cd1-Cll, Cd1-Cl1’, Cd1-CI2, and Cdl-
CI2’ being 2.678(3), 2.642(2), 2.546(3), and 2.590(3) A, respec-
tively. In complex 2, chloride anions from decomposed solvent
of chloroform serve as the bridge to two neighboring Cd(II)
ions, and the Cd—Cd distance in 2 is 3.824(16) A, much longer
than that observed in the metal (2.980 A)."" The bond angle of
CI12’-Cd1-Cl1 is 84.08(8)°, close to a right angle. Interestingly,
as shown in Fig. 2b, with the same coordination manner, six Cd
atoms comprise an unprecedented hexanuclear metallacycle
through the bridging of chloride atoms. For the tripodal ligand,
each tpbb adopts a propeller-conformation and binds with three

150 Cd atoms and extended complex 2 into a 2D network (Fig. 2c¢).
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Fig. 2 (a) The coordination environment of metal center in complex 2
(all hydrogen atoms and solvent molecules are omitted for clarity). (b)
The hexanuclear metallacycle comprised by Cd centers and chloride
anions. (c¢) The 2D network of complex 2 (all hydrogen atoms and sol-
vent molecules are omitted for clarity).

Ultimately, the 2D network is further connected into a 3D su-
pramolecular framework (Fig. S4) by the n---m interactions be-
tween imidazole ring and pyridine ring (3.820 (8) A) (5/3-x, 4/3-
y, 4/3-z) as well as hydrogen bonding interactions (3.685(14) A
for C10-H10---Cl11*, 3.587(15) A for C13-H13B---CI1®, and
2.846(19) A for C15-H15---N10%) (*4/3-y, 2/3+x-y, -1/3+z;
B5/3-x, 4/3-y, 4/3-z; C2-y, 1+x-y, z).

Crystal structure of Hg,(tpbb)Brg (3) and Hg,(tpbb)I; (4).

Ligand tpbb was reacted with HgBr, and Hgl,, respectively,
to see the effect of the halide on the structure of the complexes.
Similar cell parameters and the results of crystallographic anal-
yses confirm that 3 and 4 are isostructural, and there is no great
influence of Br and I" on the structure of them. Thus, as an
example, only the structure of complex 3 is described here in
detail.

Single crystal X-ray crystallographic analysis reveals that
complex 3 crystallizes in a trigonal system, space group R-3, yet
with a tetranuclear motif. As presented in Fig. 3 (for structure as
thermal ellipsoid model, see Fig. S5), the structure of 3 compris-
es neutral Hg;Bry(tpbb) moieties and HgBr, molecules to result
a thirteen-component umbrella-like framework: four metal cen-
tres, one tpbb ligand and eight bromine atoms. In the umbrella
bones, the tripodal ligand, tpbb, with cis, cis, cis-conformation
and serves as a tridentate linker to coordinate with three Hg(II)
atoms by the same coordination mode to form an equilateral
triangle with an edge length (Hg1-Hg1A separation) of 7.447 A.
The Hgl atom is coordinated by two bromine anions (Brl, Br2)
and two nitrogen atoms (N1, N2) from a benzimidazole group
and one pyridyl unit of tpbb, yielding a distorted tetrahedron.
Bond lenghths for Hgl-Brl, Hgl-Br2, Hgl-N1 and Hgl-N2
are 2.529(2), 2.465(2), 2.437(16) and 2.246(14) A, respectively.
The two nitrogen atoms of the ligand tpbb chelate to the metal
centre with a N1-Hgl-N2 bite angle of 69.3(5)°, which are
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similar with those of N—-Hg—N in the literature.'? As for the um-
brella handle, the Hg2 atom is 2-fold coordinated by two termi-
nal bromine anions in a linear arrangement (Br3-Hg2-Br4
180.0°), with bond length of 2.409 (4) and 2.419(4) A for Hg2—
Br3 and Hg2-Br4, which are comparable with those in the
HgBr, molecules."* Additionally, taking the van der Waals radii
of Hg and Br to be 1.70 and 1.95 A,'* any Hg---Br contact less
than 3.65 A may therefore potentially be considered significant,
while the distance between Hg2 and Br2 in this complex is
3.229 A, which can be defined as a weak contact. The similar
structure of 4 is shown in Fig. S6 and Fig. S7.

In complex 3, there exists @7 interactions between imidaz-
ole ring and pyridine ring (3.749 (8) A) (1-x, 1-y, 1-z). Upon the
basis of n---m interactions and the hydrogen bond (3.750(11) A
for C13-HI3A---Brl®) (*2/3-y, 1/3+x-y, 1/3+z), the tetranucle-
ar structures are finally extended into a 3D supramolecular ar-
chitecture (Fig. S8).

Fig. 3 The tetranuclear framework of complex 3 (all hydrogen atoms are
omitted for clarity).

Effect of tpbb and anions on the Structures of Complexes 1—
4.

The flexible ligand tpbb acted as a tris-bidentate connector
and adopted different conformations to form complexes with
varied structures. According to the position of three arms rela-
tive to the central benzene ring plane, two conformations of tpbb
were defined, namely the cis, cis, cis-one: three arms are all
located in the same side of the central benzene ring plane
(Scheme 2a); the propeller-one: all the three arms are coplanar
with and close to the benzene ring plane (Scheme 2b). The dif-
ferent conformations of tpbb, which are attributed to the flexible
nature of the free -CH,— spacers, could greatly enrich the struc-
tures of complexes 1-4. In complex 1, tpbb acts as the cis, cis,
cis-conformation to symmetrically link three ZnCl, groups and
make it show trinuclear clusters. While in the case of 2, tpbb
applies the propeller-conformation, and the three arms of each
tpbb are coordinated with Cd atoms from different hexanuclear
metallacycle rings, which extended complex 2 into a 2D net-
work. As for the isostructural complexes 3 and 4, tpbb serves as
the cis, cis, cis-conformation, and three HgX, (X=Br or I)
groups occupy each of the three N,N-binding sites, and one of
the two halide ligands further connects to a Hg center from the
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linear HgX, unit, finally resulting in the tetranuclear umbrella- The solid emission phenomena displayed by complexes 1 and 2
240 like architectures. at room temperature are similar with those of other Zn(Il) and
Cd(II) complexes from literatures.'® Since the Zn*" and Cd**
ions are difficult to oxidize or to reduce for their d'° configura-

29

S

tion, the emissions of these complexes are neither the metal-to-
ligand charge transfer (MLCT) nor the ligand-to-metal charge
transfer (LMCT)."” The observed emissions of complexes 1 and

205 2 are probably contributed by the m-n* intraligand fluorescence

a

due to the similar emissions for ligand itself,'® and the red shift

of the emission maximum between the complexes and tpbb was
considered to mainly originate from the influence of the coordi-
Scheme 2. (a) The cis, cis, cis-conformation of tpbb. (b) The propeller- nation of metal atom to the ligand.

conformation of tpbb. ]

—tpbb
245 = 4

AAAAA 2

The same umbrella-like tetranuclear architecture of 3 and 4
demonstrate that halides with the same tetrahedral coordination
geometry of metal center do not greatly affect the structure of
these Hg(II) complexes.

Intensity (a.u)

250 Thermogravimetric analysis of 1 and 2

Complex 1 and 2 are air-stable and can retain crystal integrity
at ambient temperature. Thermogravimetric analysis (TGA) of 1
and 2 were carried out by heating to 1000°C. For complex 1, the
TGA curve (Fig. S9a) shows an initial weight loss of 3.16%
taken place between 30°C and 290°C, which could be assigned 350 400 450 500 550 600 650
to uncoordinated acetonitrile (Calcd 3.57%). The DSC spectrum 300 Wavelength /nm
exhibits an endothermic peak near 220°C, which also implies
the loss of uncoordinated solvent. The endothermic peak near
326°C may indicate the melt of 1. As for complex 2, TGA curve
(Fig. S10a) exhibits that the first weight loss of 8.07% taken
place until 280°C, corresponding to two uncoordinated chloro-
form and half uncoordinated water (Caled 9.02%). The endo- quenched under the experimental condition, the two Hg(Il)
thermic peak around 250°C of DSC spectrum also suggests the complexes are expected to show photoluminescence at cryogen-
loss of uncoordinated solvent. To further prove the existence of ic temperatures since as heavy atom, Hg(II) can effectively en-

the solvent molecules in complexes 1 and 2, their TGA spectra hance the rate of intersystem crossing from singlet state to the
’ ; : : : : 19 1.
were also measured after heating to 100°C in vacuum for 10 h. triplet excited state and spin-orbit coupling effects, ~ which pro-

The TGA spectra after treatment (Fig. S9b and Fig. S10b) dis- pelling us into investigating the photoluminescence properties of
complexes 3 and 4 as well as tpbb in the solid state at a series of

cryogenic temperatures. With the temperature cooling, the emis-
sion intensity of tpbb was enhanced, accompanying the negiligi-
ble bathochromic shift (Fig. S11). At 13K, 77K, 100K ,150K,
200K, 250K and 298K, lifetimes for solid tpbb yield t =
4.169+0.039 ns, 4.069+0.036 ns, 3.841+0.037 ns, 3.522+0.035
ns, 3.291+£0.032 ns, 3.021+£0.029 ns, and 2.663+0.029 ns, re-
spectively, indicating single-state emissions. The emission spec-
tra of 3 (Fig. 5a), when excited at 290 nm, expressed two types
of photoluminescence emission bands: fluorescence emission
band at 398 nm with lifetimes in nanosecond order (0.111+0.013
ns at 298 K), and strong phosphorescence band at 528 nm with
lifetimes in microsecond range, yield t = 6.977+0.099 ms (13K),
5.54140.139 ms (77K), 4.598+0.125 ms (100K), 3.611+0.042
ms (150K), 2.024+0.018 ms (200K), 1.186+0.022 ms (250K),
and 0.606+0.033 ms (298K). Whereas complex 4 showed a
weak fluorescence emission at 435 nm with nanosecond range
lifetimes (0.162+0.005 ns at 298 K) as well as an intense phos-
330 phorescent emission maximum at Aem = 526 nm (hex = 292

nm), respectively (Fig. 5b). The lifetimes of phosphorescence

25

b

Fig. 4 The photoluminescence emission spectra of complex 1, 2 and
tpbb in the solid state at room temperature.
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305 Though the luminescence for complexes 3 and 4 was
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play no initial weight loss for both of them before 300°C,
demonstrating the existence of solvent molecules in the original

270 complexes 1 and 2.
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Photoluminescent Properties.

Metal-organic coordination compounds, especially those with
d' metal centers, have been reported to be able to affect the
emission wavelength and intensity of the organic material
through metal coordination.'> The luminescent behaviors of free
ligand tpbb and complexes 1-4 were studied at room tempera-
ture in the solid state. The emission spectrum of tpbb features a
strong band at 406 nm with an excitation band at 346 nm (Fig.
250 S11). The emission spectra of complexes 1-2 (Fig. 4) closely
resemble that of the free ligand with enhanced intensities and
red shifts, and no clear luminescence was detected for complex-
es 3 and 4 under the same experimental condition. It can be
observed that a broad emission with a maximum wavelength of
412 nm upon excitation at 378 nm for 1. Complex 2 has a strong
emission band centered at 440 nm with an excitation band at 369
nm, which is red-shifted by 34 nm compared with that of tpbb.
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band for 4 at cryogenic temperatures, yield t = 3.021+0.053 ms
(13K), 2.676+0.151 ms (77K), 1.734+0.013 ms (100K),
0.349+0.075 ms (150K), 0.461+0.040 ms (200K), 0.344+0.052

335 ms (250K), and 0.325+0.036 ms (298K), insinuating triplet-state
emissions. The photoluminescence spectra of complexes 3 and 4
at different temperatures are consistent with the previously re-
ported heavy metal-based complexes.”® At room temperature,
the large nonradiative rate constant makes it difficult to observe

340 phosphorescence and, with temperature cooling, the phospho-
rescence intensity and lifetimes for 3 and 4 are gradually in-
creased, which may be related to the inhibition of the nonradia-
tive decay of the emitting triplet-excited state with decreasing
temperature.”’ The subtle differences between lifetimes of 3 and

ass 4 suggest that anions may have influence on the photolumines-
cence properties of complexes.
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Fig. 5 (a) The photoluminescence emission spectra of complex 3 (Aex =

350 290 nm) in the solid state at 298 K and low temperatures. (b) The photo-
luminescence emission spectra of complex 4 (Aex = 362 nm) in the solid
state at 298 K and low temperatures.

Cytotoxicity Results.

35 Since zinc plays the essential role in biological systems, the
trinuclear Zn-based complex in this paper, 1, was regarded as a
potential candidate for fighting with cancer. Complex 1 was
assessed with the standard MTT assays using for its cytotoxicity

New Journal of Chemistry

against a panel of three human carcinoma cell lines containing

30 examples of SH-SYSY (neuroblast tumor cell line), QBC939
(cholangio tumor cell line), and EC109 (esophagus tumor cell
line) after different time. Complex 1 was dissolved in 5%o
DMSO and a blank sample with the same volume of DMSO was
provided as a control at the same time. The concentrations of the

36s complex ranged from 10 pM to 50 pM. The cytotoxicity of the
complex was found to be concentration-dependent, which is to
say that the average cell viability ratio decreased with increasing
concentrations of the tested compounds. ICs, values, which can
be seen in Fig. 6, were calculated from the dose-survival curves

370 obtained after 24 h, 48 h and 72 h drug treatment from standard
MTT test.

Among the selected tumor cell lines, complex 1 exhibited
fast-acting, broad spectrum and the most effective on SH-SY5Y
with ICs, values being 27.90 uM (24 h), 22.81 uM (48 h), and

375 17.84 uM (72 h). While when working against QBC939, com-
plex 1 demonstrated not so strong cytotoxicity with ICs, values
in 35-40 pM order. The cytotoxic effects of complex 1 against
EC109 were considerably time-dependent. After 24 h, ICs, val-
ues were 65.15 uM, and the values decreased to 57.94 uM for

30 48 h then got to 51.06 pM another 24 h later. The distinguishing
cytotoxic behaviors that complex 1 expressed on the three tumor
cell lines elucidate that complex 1 has the selectivity towards
different carcinoma cells.
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385

Fig. 6 The ICs, values of complex 1 against tumor cell lines.

To deeply understand its cytotoxic property, ICsy values of
tpbb and cisplatin for 48 h were also investigated under the same

390 experimental condition, and results are listed in Table 1. It was
observed that the cells treated with tpbb were growth arrested
but viable, and the ICs, values are generally three to six times
compared with those of complex 1, which could tentatively
coincide with the synergic effect of combination of complex 1.
In comparison with the ICs, values of cisplatin, complexes with
ICsp values less than 30 uM were considered to be strongly cyto-
toxic; complexes with ICs, values in the range of 30-50 uM
were moderately cytotoxic; complexes with ICs, values in the
range of 50-100 uM were regarded as being weakly antineo-
plastic; complexes with 1Csy values over 100 uM were thought
to be inactive.?? Thus in terms of ICs, values, complex 1 has the
potential to act as an effective metallopeptide-based chemother-
apeutic agent targeting SH-SYSY cells, while it is moderately
cytotoxic against QBC939 and weakly antineoplastic towards
405 EC109. In parallel with these findings, the cytotoxicities exhib-
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ited by complex 1, which are comparable with those of some
promising Zn(I) complexes,” indicate that the present zinc
complex demonstrates potent antitumor activity. Our work is in
progress to comprehensively elucidate the mechanistic pathways
employed by complex 1 against these tumor cell lines.

ICsg values (uM)
SH-SY5Y QBC939 EC109
1 nstie 3s0t20 s79F37
tpbb 1320F 01 1Be1tas 1698F 61
cdsplatin. 55,451 160t s1 133tos

Table 1. Comparison of the cytotoxic effects of complex 1, tpbb and
cisplatin (ICsy values were tested for 48 h).

Stability of Complex 1 in Solution.

The stability of the complex in solution is important for bio-
logical studies. Complex 1 is soluble at 3x10 M concentration
level in phosphate-buffered saline (PBS, 0.01 M, PH 7.4 at
25°C) containing 5%o dimethylsulfoxide (DMSO). The kinetic
UV-vis spectrum of complex 1 is shown in Fig. 7. Over the time
course, the characteristic absorption of the complex displayed
hypochromicity but no bathochromic shift. The hypochromicity
can be attributed to the gradual formation of aggregates of the
complex in solution, which will decrease its effective concentra-
tion for UV-vis absorption.”® In a 72 h period, no significant
changes were observed in the room temperature UV-vis spec-
trum, and no demetalation was observed in any case.”’ Addi-
tionally, the ESI-MS of complex 1 in DMSO (Fig. S12) showed
m/z 11423 is
[Zn;(tpbb)Cl;]", which suggests that complex 1 remained the

peak at assigned to the formation of
trinuclear structure in the solution. As for the other peaks at m/z
170.3, 306.1 and 443.9 are due to the fragmentation of the com-
plex.”® Since no significant changes in the UV-vis spectrum over
the time course and peak of trinuclear structure was observed in
the ESI-MS spectrum, we could deduce that complex 1 is stable
in the solution.
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440 Fig. 7 Time-dependent stability studies on complex 1 in solution moni-

tored by UV-vis absorption spectra.
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Conclusions

Four novel multinuclear complexes and multinuclear-based
polymers with group 12 metal centers, which feature various
structures, were constructed with an unexploited flexible
tripodal ligand and investigated their crystal structures and
properties. Photoluminescent studies indicate that complexes 1
and 2 exhibited red-shifted
fluorescence at room temperature compared with ligand tpbb,

enhanced and solid-state
while 3 and 4 demonstrated prominent phosphorescence
behaviors cryogenic with

microsecond range. ICs, values for complex 1 alludes that it

at temperatures lifetimes in
showed potential in vitro cytotoxicity against SH-SYS5Y and

QBC9309 cells, and selectivity to different tumor cell lines.

Experimental Section
Materials and general methods.

All chemicals were obtained from commercial sources and
used without further purification. The 1,3,5-Tris((2-(pyridine-2-
yl)-1H-benzo[d]imidazol-1-yl) methyl) benzene (tpbb) was syn-
thesized according to the reported procedures in the literature.”’
Cisplatin was purchased from Shanghai Energy Chemical Co.,
Ltd. IR spectra were recorded in the region of 400-4000 cm™
with KBr pellets on a BRUKER TENSOR 27 spectrophotome-
ter. Elemental analyses for C, H and N were carried out with a
Flash EA 1112 elemental analyzer. Photoluminescence meas-
urements for tpbb and complexes 1-4 at ambient temperature
were carried out on Hitachi F—4600 Spectrofluorimeter, and
photoluminescent properties of tpbb and complexes 3 and 4
were measured on Edinburgh Analytical Instruments FLS920
Spectrofluorimeter at cryogenic temperatures in solid state. UV-
vis absorption spectra were performed on a Specord 200 UV-
visible spectrophotometer. The ESI-MS spectra in DMSO were
carried out on an Agilent 1100 LC/MSD Trap SL Electrospray
Ionization Mass Spectrometer. The absorbance for MTT assay
was measured at test wavelength of 492 nm using a Tecan Infi-
nite M1000 Pro microplate reader. Thermogravimetric experi-
ments were performed using a NETZSCH STA 449F3 instru-
ment.

Syntheses.

Zn;(tpbb)Clg (1). A mixture of ZnCl, (0.0061 g, 0.03 mmol),
tpbb (0.0070 g, 0.01 mmol), ethanol (1 mL), and acetonitrile (1
mL) was placed in a glass reactor (10 mL) which was heated at
85°C for 2 days and then gradually cooled to room temperature
at a rate of 5°C/h. Yellow block crystals of 1 were obtained.
Yield: 70% (based on Zn). Elemental Anal. Caled for
Zn;CysH33NoClg (%): C, 48.75%; H, 3.00%; N, 11.37%; Found
(%): C, 47.99%; H, 3.25%; N, 11.63%. Element analysis was
measured after heating complex 1 to 100°C in vacuum for 10 h.
IR (KBr/pellet, cm™): 3443.68(s), 1573.08(w), 1485.17(m),
1431.63(s), 1346.28(w), 1015.21(w), 930.30(w), 818.92(w),
742.11(m), 621.35(w).
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{[Cd4(tpbb),Cl,]-2CHCl;:0.5H,0}, (2). A mixture of
Cd(ClOy), (0.0169 g, 0.04 mmol), tpbb (0.0070 g, 0.01 mmol),
ethanol (9 mL) and chloroform (3 mL) was placed in a Teflon-
lined stainless steel vessel (20 mL). The mixture was sealed and
heated at 135°C and kept for three days, and then the reaction
system was gradually cooled to room temperature at a rate of
5°C/h. Dark yellow crystals were obtained. Yield: 60% (based
on Cd). Elemental Anal. Calcd for CdgCopyHggN13Cl130¢ 5 (%): C,
40.24%; H, 2.50%; N, 9.18%; Found (%): C, 40.51%; H, 2.26%;
N, 9.01%. IR (KBr/pellet, cm™): 3438.96(s), 1594.39(m),
1479.65(m), 1415.19(m), 1334.63(w), 1108.92(w), 991.73(w),
749.21(m), 622.63(w).

Hg,(tpbb)Brg (3). A mixture of HgBr, (0.0144 g, 0.04
mmol), tpbb (0.0070 g, 0.01 mmol), methanol (1 mL), and ace-
tonitrile (1 mL) was placed in a glass reactor (10 mL) which was
heated at 80°C for 3 days and then gradually cooled to room
temperature at a rate of 5°C/h. Yellow block crystals of 3 were
obtained. Yield: 65% (based on Hg). Elemental Anal. Calcd for
Hg,CysH33NoBrg (%): C, 25.24%; H, 1.55%; N, 5.89%; Found
(%): C, 25.22%; H, 1.56%; N, 5.91%. IR (KBr/pellet, crn'l):
3444.89(s), 1591.40(m), 1480.30(m), 1413.68(m), 1335.53(w),
1167.46(w), 1004.30(w), 817.70(w), 743.10(m), 632.06(w).

Hg,(tpbb)Ig (4). The synthesis of 4 was similar to that of 3,
except that Hgl, (0.0182 g, 0.04 mmol) was used instead of
HgBr,. Yellow block crystals were obtained. Yield: 65% (based
on Hg). Elemental Anal. Caled for Hg,C4sH33Nolg (%): C,
21.47%; H, 1.32%; N, 5.01%; Found (%): C, 21.50%; H, 1.36%;
N, 4.96%. IR (KBr/pellet, cm™): 3454.50(s), 1569.27(m),
1477.62(m), 1413.66(m), 1334.67(w), 1121.79(w), 978.51(w),
816.43(w), 741.54(m), 622.93(w).

Crystal structure determination.

The single crystals suitable for X-ray determination were se-
lected and mounted on a glass fiber separately. Data for com-
plexes 1-4 were recorded on a SuperNova with graphite mono-
chromated Cu-Ka (. = 1.54184 A) for 1 at 293K and for 2 at
160K, and Mo-Ka radiation (A = 0.71073 A) for 3 and 4 at
293K. The structures were handled by direct methods and ex-
panded with Fourier techniques. The calculations of complexes
1-4 were conducted with the Olex2 and SHELXL-97 crystallo-
graphic program.?® Since the thermal vibration of solvent mole-
cules in complex 1 are extremely large, the SQUEEZE subrou-
tine of the PLATON software was used to subtract their contri-
bution to the overall intensity data.”> All the non-hydrogen at-
oms were refined with anisotropic thermal parameters. The final
cycle of full-matrix least-squares refinement was based on the
observed reflections and variable parameters. Table 2 and 3 give
the crystallographic crystal data and structure processing param-
eters of the four complexes. The selected bond lengths and bond
angles of them are listed in Table 4.

Cell culture.
SH-SY5Y, QBC939 and EC109 cells were routinely main-
tained in the logarithmic phase at 37°C in a highly humidified
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sso atmosphere of 95% air with 5% carbon dioxide, using DMEM

medium for SH-SYS5Y, and RPMI1640 medium for QBC939
and EC109. All mediums are supplemented with 10% (v/v) heat
inactive fetal bovine serum (FBS).

Table 2. Crystal data and structure refinements for complexes 1 and
2.

Complex 1 2
Empirical formula Zn3C45H33N9C16 Cd6C92H63N18C11800_5
Formula weight 1108.61 2746.14
Temperature (K) 293(2) 160(10)
Wavelength (A) 1.54184 1.54184
Crystal system trigonal trigonal
Space group R-3 R-3

a(A) 18.1422(4) 16.1561(8)

b (A) 18.1422(4) 16.1561(8)
c(A) 25.8426(5) 31.8535(14)
a(°) 90.00 90.00

B 90.00 90.00

() 120.00 120.00
Volume (A%), Z 7366.2(3), 6 7200.5(8), 3
F (000) 3348.0 4032.0

0 range for data collection(®)  3.29 to 76.52 3.45t0 76.58
Goodness-of-fit on F* 1.072 1.006

Final R1°, wR2" 0.0516,0.1505  0.0766, 0.1986
“Ry = [[Fo| - [FelJ/[Fol; "WRy = [w(Fy” - F&)V[w(Fe)1"%; w = 1/[c*(Fo) +
0.0297 P>+ 27.5680 P], where P = ( F%,+ 2 F%)/3.

Table 3. Crystal data and structure refinements for complexes 3 and
4.

Complex 3 4
Empirical formula Hg4C45H33N9Brg Hg4C45H33N()Ig
Formula weight 2141.44 2517.36
Temperature (K) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073
Crystal system trigonal trigonal
Space group R-3 R-3

a(A) 17.976(2) 18.3083(7)
b (A) 17.976(2) 18.3083(7)
c(A) 27.338(3) 29.1307(8)
a(°) 90.00 90.00

B 90.00 90.00

() 120.00 120.00
Volume (A%), Z 7650.4(18), 6 8456.2(7), 6
F (000) 5796.0 6660.0

0 range for data collection(®)  3.01 to 29.54 3.47 t0 26.73
Goodness-of-fit on F* 1.045 1.044

Final R1°, wR2" 0.0791,0.1766  0.0517,0.1252
“Ry = [[Fo| - [FelJ/[Fol; "WRy = [w(Fy” - )V [w(Fe)1"%; w = 1/[c*(Fo) +
0.0297 P>+ 27.5680 P], where P = ( F%,+ 2 F%)/3.

Table 4. Selected bond lengths and angles for complexes 1-4.

Complex 1

Zn(1)-N(1) 2.011(3) Zn(1)-N(3) 2.111(3)

Zn(1)-CI(1) 2.2293(11)  Zn(1)-Cl(2) 2.1794(13)

N(3)-Zn(1)-N(1) 78.95(12) N(3)-Zn(1)-CI(1)  107.04(10)

N(@3)—Zn(1)-CI(2) 116.91(11)  N(1)-Zn(1)-CI(1)  109.19(9)

N(1)—Zn(1)-CI(2) 119.61(11)  CI(1)-Zn(1)- 118.31(5)
Cl(2)

Complex 2

Cd(1)-CI(1) 2.678(3) Cd(1)—CI(1)#1 2.642(2)

Cd(1)-Cl(2) 2.546(3) Cd(1)-CI(2)#1 2.590(3)

Cd(1)-N(1) 2.443(10) Cd(1)-N(2) 2.339(8)

CI(1)-Cd(1)#1 2.642(2) CI(2)-Cd(1)#2 2.590(3)

CI(1)-Cd(1)-C1(2) 109.69(9) CI(1)-Cd(1)- 163.98(7)
CI(1)#2

CIQ2)#1-Cd(1)- 84.08(8) CI(2)-Cd(1)- 98.22(14)

CI(1) Cl(2)#1
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N(D)-Cd(1)-CI(1)  82.2(2) N(@2)-Cd(1)-N(1)  68.2(3)

N@)-Cd(1)-CI(1) ~ 83.2(2) N(2)-Cd(1)- 100.4(2)
Cl(1y#2

N(2)-Cd(1)- 164.0(2) N@2)-Cd(1)-CI2)  95.2(2)

CIQ)#1

Cl(2)-Cd(1)- 85.66(8) N(1)-Cd(1)- 84.6(2)

Cl(1y#2 Cl(1y#2

Cl(2) #1-Cd(1)- 89.33(8) N(1)-Cd(1)-CI(2) ~ 158.8(2)

Cl(1y#2

N(1)-Cd(1)- 100.5(2)

CIQ)#1

Complex 3

Hg(1)-Br(1) 2.529(2) Hg(1)-Br(2) 2.465(2)

Hg(1)-N(2) 2.246(14)  Hg(1)-N(1) 2.437(16)

Hg(2)-Br(3) 2.409(4) Hg(2)-Br(4) 2.419(4)

Hg(2)'*Br(2) 3.22923)  Hg(2)--Br(2)#l 3.227(33)

Hg(2) - Br(2)#2 3.229(24)  Br(2)-Hg(1)- 124.57(7)
Br(1)

N(2)-Hg(1}-Br(l)  103.8(3) N(2)-Hg(1)- 125.7(4)
Br(2)

N(1)-Hg(1)-Br(1) ~ 103.3(3) N(1)-Hg(1)- 115.4(3)
Br(2)

N(1)-Hg(1)N@Q2)  69.3(5) Br(4)-Hg(2)- 180.0
Br(3)

Complex 4

Hg(1)-I(1) 2.6733(11)  Hg(1)-1(2) 2.6357(11)

Hg(1)-N(1) 2.320(9) Hg(1)-N(3) 2.432(10)

Hg(2)-1(3) 2.6318(17)  Hg(2)-1(4) 2.6544(17)

Hg(2):12) 3.3088(11)  Hg(2) - IQ2)#1 3.3088(11)

Hg(2) - 1Q)#2 3.3088(11)  1(2)-Hg(1)-I(1) 124.97(3)

N(1)-Hg(1)-I(1) 109.0(2) N(1)-Hg(1)-12)  119.3(2)

N(1)-Hg(1)}-N(3)  69.2(3) N@)-Hg(D)-K(1)  107.2(2)

N(3)-Hg(1)-12) 113.02) 1(4)-Hg(2)-13) 180.0

Symmetry transformations used to generate equivalent atoms: #1 1+Y-

X 1-X4Z; #2 1-Y,+X-Y,+Z for 1. #1 2/3-Y+X,1/3+X,4/3-Z; #2 -

1/3+Y,1/3-X+Y,4/3-Z; #3 2-Y,1+X-Y,+Z; #4 1+Y-X.2-XAZ; #5 1+Y-

X, 1-X,4Z; #61-Y +X-Y,+Z for 2. #1 1+Y-X,1-X,+Z; #2 1-Y +X-Y,+Z
s70 for 3. #1 1-Y,+X-Y,+Z; #2 1+Y-X,1-X,+Z for 4.

In vitro cytotoxicity assay.
Complex 1 was dissolved in DMSO (cell culture reagent) just
before the experiment, and a counted amount of complexes solu-
s7s tion was added to the growth medium containing cells with a
final solvent concentration of 5%o, which turns out to have no
discernible effect on cell killing.
The growth inhibitory effect of the tittle complexes on human
tumor cell lines was evaluated by means of MTT (MTT = 3-
sso (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide)
assay, in which MTT is cut down by living cells to produce a
DMSO soluble (formazan) that could be detected through color-
imetric analysis. Briefly, cells were seeded in 96-well micro-
plates in growth medium (200 pL), and then incubated at 37°C
sss in a highly humidified atmosphere with 5% CO,. Amount of
cells range from 4x10%to 8x10° cells/well, and the number relies
on the growth characteristics of different cell lines to change.
The medium was eliminated and replaced with a fresh one (200
puL) containing the complex at ten different concentrations
so0 (ranging from 10 uM to 50 uM) after 24 h. Three test timescale
(24 h, 48 h, 72 h) were established for each treatment. After the
special time, 20 pL of MTT solution (5 mg/mL) were added to
each well and further incubation for 4 h at 37°C. Then the medi-
um with MTT were discarded and 150 puL of DMSO was added
sos to each well to dissolve the formazan crystals at room tempera-
ture. The absorbance was measured at test wavelength of 492

nm using a microplate reader. The % cell inhibition was deter-
mined as follow: % cell inhibition = (1-AbSyeaed cells/ ADScontrol
cells) X 100%. Results of complex 1 were expressed as ICs, val-

e00 ues, which were determined by plotting the percentage viability
versus concentration on a logarithmic graph and reading off the
control. Each experiment was independently repeated three
times, and the final ICs, values were calculated by the average
of triplicate experimental results.
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