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A straightforward synthetic method has been developed to prepare cadmium(Il) complexes
of 4'-tolyl-2,2:6',2"-terpyridine (ttpy) in good yields. These complexes are formulated as
{[Cd(ttpy)(NO3),][Cda(ttpy)2(NO3)a]} (1), [Cda(ttpy)>(N3)a]0.5CH;0H-0.125H,0 (2), and
{[Cd(ttpy)(SCN)(CH;COO)]|[Cd(ttpy)(SCN),]>} (3). Intermolecular, intramolecular, hydrogen
bonding and 7— stacking interactions were observed in the complexes, and are responsible for
the arrangement of complexes in the crystal packing and play essential roles in forming
different frameworks of 1-3. The antibacterial activities of the synthesized complexes were
tested against three gram positive bacteria and three gram negative bacteria.

Keywords: Terpyridine; Cadmium complexes; Antibacterial activity

1. Introduction

Terpyridine ligands have been known for nearly a century as effective complexing
agents for a wide range of transition metal ions [1]. In the past few years, considerable
attention has been drawn to the family of metal complexes having 2,2":6,2”-terpyridine
(tpy) or substituted tpy components due to their structural advantage in drug design,
materials chemistry, and as photofunctional supramolecular assemblies [2, 3]. The
synthesis of tpy derivatives has been extensively studied by Constable’s group, and a
wide variety of substituted tpy compounds has been reported [4]. In the past few
decades, special attention has been drawn to 4’-functionalized terpyridine ligands, since
the appended substituents may be utilized not only to tailor the electronic properties of
the ligand and its metal complexes, but also to incorporate new functionalities through
further reactions [5, 6]. In 4'-tolyl-2,2":6’,2"-terpyridine (ttpy), the 4’-tolyl substituent is
electron donating and the extended conjugation makes ttpy a better w-acceptor ligand
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than terpyridine, such that it stabilizes the lower oxidation states. Also, the large surface
area of the aromatic rings may generate 7— interactions in the solid state, potentially
leading to high-dimensionality networks [6, 7]. Ttpy was first reported by Calzaferri and
improved syntheses have since been described [8, 9]. Many of the reported metal
complexes of ttpy have interesting redox and photophysical properties [10—13]. Despite
the interest in ttpy as a ligand, its solid state structure was only reported in 2007 [14],
and single-crystal structural details of only a few metal complexes have been
documented [8, 15-17].

In previous work, we reported single-crystal structures of 4’-chloro-2,2":6',2"-
terpyridine (tpyCl) with lead(II) salts including nine-, six-, five-, and four-coordinate
Pb(II) complexes, [Pb(tpyCl)(NOs3),],, [Pb(tpyCIl)(ClOy)>],, [Pb(tpyCl)Br,],, and
[Pb(tpyCDCI][Pb(tpyCl)Cl,][PbCl5](CH;OH) [18, 19]. This report is concerned with
products formed by reacting cadmium(II) salts with ttpy in the presence of different
anions. Cd(II) is known to have coordination numbers as high as eight [20]; thus in
combination with ttpy we envisaged that some coordination sites of the metal may
remain vacant. These complexes could serve as building blocks for the assembly of
multi-functional coordination polymers or supramolecular networks exhibiting useful
fluorescence and/or optoelectric properties [21, 22]. In this article we describe the
synthesis and structural characterization of three Cd(II) complexes: {[Cd(ttpy)(NO3),]
[Cda(ttpy)a(NO3)a]} (1), [Cda(ttpy)2(N3)4]0.5CH;OH - 0.125H,0 (2), and {[Cd(ttpy)
(SCN)(CH5COO)][Cd(ttpy)(SCN)alo} (3).

2. Experimental

2.1. Materials and measurements

4'-Tolyl-2,2":6/,2"-terpyridine is commercially available from Aldrich and was used as
received. All chemicals were of reagent grade and have been used without purification.
FT-IR spectra (4000-400cm™') were recorded with a Shimadzu FT-IR Prestige 21
spectrophotometer as KBr disks. Elemental analyses (C, H, and N) were performed
using a Carlo ERBA model EA1108 analyzer. 'H and '*C NMR spectra were recorded
on a 250 MHz Bruker spectrometer in d®-DMSO. Electrospray mass spectra (ES-MS)
were recorded in positive ion mode on a Waters Micromass ZMD mass spectrometer.

2.2. X-ray crystallography

X-ray diffraction data were collected on crystals with approximate dimensions of
0.20 x 0.07 x 0.07 mm” for 1, 0.20 x 0.20 x 0.20 mm® for 2, and 0.15 x 0.10 x 0.10 mm’
for 3. Data were obtained at 123(2) K on a Rigaku Spider diffractometer, using a
Rigaku VariMax-HF confocal optical system with monochromated Cu-Ko radiation
(A=1.54178 A). Crystal unit cell and orientation parameters were obtained from the
auto-indexing procedure as implemented in the FS process. The structures have been
solved by direct methods and refined by full-matrix least-squares on F~ using SHELXL
[23]. The molecular structure plots were prepared using ORTEP [24] and MERCURY
[25]. Crystallographic data and details of the data collection and structure refinements
are listed in table 1. Selected bond distances and angles are listed in table 2.
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Table 2. Selected bond lengths (A) and angles (°) for 1-3.

1 2 3
Cd1-02 22854)  CdI-N120 2215(7)  CdI1-N100 2.224(7)
CdI-N2 2296(4)  CdI-N60 2.343(5)  CdI-N3 2.313(5)
Cd1-05 2323(4)  CdI-NI 2357(5)  CdI-N2 2.330(5)
CdI-N1 2361(4)  CdI-N2 2.358(5)  CdI-NI 2.337(5)
CdI-N3 2372(4)  CdI-N50 2.382(6)  Cd1-03 2.346(4)
Cd1-04 2.568(4)  CdI-N3 2429(5)  Cd1-02 2.371(4)
Cd2-N22 2317(4)  Cd2-N40 2251(6)  Cd2-N5 2.296(5)
Cd2-021 2337(4)  Cd2-N50 2276(5)  Cd2-N99 2.328(7)
Cd2-N23 2377(4)  Cd2-N5 2.323(4)  Cd2-N4 2.342(5)
Cd2-N21 2391(4)  Cd2-N4 2.365(5)  Cd2-N6 2.362(5)
Cd2-025 2446(4)  Cd2-N6 2.374(5)  Cd2-N88 2.365(6)
Cd2-024A 2476(5)  Cd2-N60 2.396(5)  Cd2-S88 2.6303(2)
02-Cd1-05 85.47(15)  NI120-Cd1-N60 86.9(2) N100-Cd1-N3 101.6(2)
02-Cd1-N1 96.71(16)  N60-Cd1-NI1 90.91(18)  N100-Cd1-N2 109.4(2)
N2-Cd1-NI1 70.50(14)  NI-Cd1-N50 90.05(19)  N100-Cd1-NI1 91.70(19)
N2-Cd1-N3 69.25(14)  N2-Cd1-N50 87.92(16)  N3-Cd1-03 116.53(16)
05-Cd1-N3 83.46(13)  NI20-Cd1-N3 90.5(2) N2-Cd1-03 115.46(15)
NI1-Cd1-04 77.97(13)  N2-Cd1-N3 67.90(16)  NI1-Cd1-03 82.85(15)
N3-Cd1-04 134.97(14)  N120-Cd1-N2 115.4(3) N3-Cd1-02 89.47(16)
N22-Cd2-N23 69.90(15)  NI120-Cd1-N50 152.4(3) N5-Cd2-N99 92.01(18)
021-Cd2-N23 92.27(14)  N40-Cd2-N50 91.9(2) N99-Cd2-N4 99.66(19)
N22-Cd2-N21 69.10(14)  N40-Cd2-N4 96.24(19)  N99-Cd2-N6 87.11(19)
N21-Cd2-025 80.91(14)  N40-Cd2-N6 91.36(18)  N35-Cd2-N88 96.97(18)
N23-Cd2-024A 76.65(16)  N350-Cd2-N6 98.47(18)  N4-Cd2-N88 88.21(19)
N21-Cd2-024A 125.58(16)  N40-Cd2-N60 167.67(18)  N6-Cd2 N88 91.40(19)
025-Cd2-024A 7320(16)  N50-Cd2-N60 76.00(18)  N99-Cd2-S88 81.59(14)
021-Cd2-025 87.21(13)  N5-Cd2-N60 88.57(16)  N88-Cd2-S88 89.74(13)

ISOR restraints were applied to all nitrogens and oxygens in structure 1 to produce
chemically reasonable thermal ellipsoids. SIMU restraints for all nitrogens, a bond
angle restraint for one of the azides, and bond distance restraints for MeOH were
applied in structure 2.

2.3. Synthesis

2.3.1. Preparation of {|Cd(ttpy)(NO3),l[Cd,(ttpy)>(NO3)4]} (1). 4'-Tolyl-2,2":6',2"-ter-
pyridine (0.323 g, 1.0 mmol) was placed in one arm of a branched tube and cadmium(II)
nitrate (0.308 g, 1.0 mmol) in the other. Methanol was carefully added to fill both arms,
the tube was then sealed and the ligand-containing arm was immersed in a bath at 60°C
while the other remained at ambient temperature. After 6 days, the crystals had
deposited in the cooler arm were filtered off, washed with diethylether, and air-
dried. Yield: 82.5%. Analysis: Found (%): C: 47.39, H: 2.86, N: 12.71. Calcd
C44H34Cd2N10012 (0/0): C: 4716, H: 304, N: 12.50. IR (Cm_l)I 3047(W), 2950(W),
1581(s), 1573(m), 1558(s), 1530(m), 1476(s), 1390(vs), 815(m), 670(m). ES-MS: m/z 1057
[Cds(ttpy)-(NO5)s] T, 497 [Cd(ttpy)(NO5)]". "TH-NMR (DMSO): § 9.051 (d, 2H), 8.92 (s,
2H), 8.61 (br s, 2H), 8.360 (t, 2H), 8.08 (d, 2H), 7.832 (m, 2H), 7.485 (d, 2H), 3.337 (s,
3H) ppm. '*C NMR (DMSO): § 155.37, 152.83, 149.87 (2C), 143.58, 135.18, 131.08,
129.14, 126.93 (2C), 124.19, 120.90, 22.96 ppm.
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2.3.2. Preparation of [Cd,(ttpy)2(N3)4]0.5CH30H - 0.125H,0 (2). 4'-Tolyl-2,2":6',2"-
terpyridine (0.323 g, 1.0mmol) was placed in one arm of a branched tube and
cadmium(II) acetate (0.264 g, 1.0mmol) and sodium azide (0.13 g, 2.0 mmol) in the
other. Methanol was carefully added to fill both arms. After 4 days, the crystals
deposited in the cooler arm were filtered off, washed with diethylether, and air-dried.
Yield: 88%. Analysis: Found (%): C: 50.71, H: 3.24, N: 24.10. Calcd for
C89H72.50Cd4N3601‘25 (%) C: 5047, H: 343, N, 23.82. IR (Cmil)Z 3050(W), 2930(W),
2050(m), 1581(s), 1573(m), 1558(s), 1476(s), 820(m). ES-MS: m/z 1016
[Cds(ttpy)»(N3)s]T. '"H NMR (DMSO): § 9.084 (m, 4H), 8.833 (d, 2H), 8.762 (t, 2H),
8.256 (t, 2H), 8.102 (d, 2H), 7.422 (d, 2H), 3.16 (s, 3H) ppm. '*C NMR (DMSO): §
155.91, 154.52, 150.38, 141.26, 139.87, 135.18, 129.42, 129.16, 127.33, 124.24, 121.81,
120.67, 22.17 ppm.

2.3.3. Preparation of {[Cd(ttpy)(SCN)(CH3COO)|[Cd(ttpy)(SCN),],} (3). Complex 3
was synthesized in the same way as 2 using potassium thiocyanate instead of sodium
azide. Yield: 80.5%. Analysis: Found (%): C: 52.96, H: 3.45, N: 11.61. Calcd for
C4oH37Cd>Ny05S5 (%): C: 53.22, H: 3.35, N: 11.40. IR (cm ™) selected bonds: 3018(w),
2870(w), 2113(m), 2076(w), 1580(s), 1558(s), 1476(s), 852(m). ES-MS: m/z 1046
[Cds(ttpy)-(SCN)5]T, 494 [Cd(ttpy)(CH;COO)]™, 493 [Cd(ttpy)(SCN)]". 'H NMR
(DMSO): § 8.927 (m, 4H), 8.748 (d, 2H), 8.305 (t, 2H), 8.174 (d, 2H), 7.875 (m, 2H),
7.566 (d, 2H), 3.418 (s, 3H), 2.48 (s, 3H). *CNMR (DMSO): § 179.77, 153.88 (2C),
153.54, 142.08, 141.34, 140.05, 135.44, 132.61, 129.05, 125.68, 123.84, 121.43, 40.96,
22.41 ppm.

2.4. Antibacterial activity test

In vitro activity test was carried out using the growth inhibitory zone (well method)
[26, 27]. The potency of components was determined against three Gram-positive
bacteria: Streptococcus pyogenes (RITCC 1940), Staphylococcus aureus (RITCC 1885),
and Bacillus anthracis (RITCC 1036), and also against the three Gram-negative
bacteria: Klebsiella pneumonia (RITCC 1249), Escherichia coli (RITCC 1330), and
Pseudomonas aeruginosa (RITCC 1547). Microorganisms (obtained from enrichment
culture of the microorganisms in 1 mL Muller—Hinton broth incubated at 37°C for 12 h)
were cultured on Muller—Hinton agar medium. The inhibitory activity was compared
with that of standard antibiotics, such as gentamicin (10 pg). After drilling wells on the
medium using a 6 mm cork borer, 100 uL. of solution from different compounds was
poured into each well. The plates were incubated at 37°C overnight. The diameter of the
inhibition zone was measured as precisely as possible. Each test was carried out in
triplicate and the average was calculated for inhibition zone diameters. A blank
containing only methanol showed no inhibition in a preliminary test. The macrodilu-
tion broth susceptibility assay was used for the evaluation of minimal inhibitory
concentration (MIC). The use of 12 test tubes is required by the macro-dilution method.
By including 1 mL Muller—Hinton broth in each test, and then adding 1 mL extract with
concentration 100mgmL~" in the first tube, we made a serial dilution of this extract
from the first tube to the last tube. Bacterial suspensions were prepared to match the
turbidity of 0.5 McFarland turbidity standards. Matching this turbidity provided
bacterial inoculums concentration of 1.5x 108cfumL™'. Then 1mL of bacterial
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suspension was added to each test tube. After incubation at 37°C for 24 h, the last tube
was determined as the MIC without turbidity.

3. Results and discussion

3.1. Spectroscopy

IR spectra for 1-3 contain characteristic C=N and C=C vibrational frequencies for free
ligand at 1400-1600cm~'. The strong v,(SCN) absorption at 2137cm™" for 3 shows
the presence of 1,3-u-thiocyanate and the peak at 2076cm ™' is indicative of terminal
nitrogen coordination [28, 29]. In 2, v,4(N3) appears as a very strong split band at 2050
and 2037cm™', assigned to both end-on bridging and terminal azide [29, 30]. The
presence of coordinated nitrate as chelating bidentate and bridging ligand on 1 is
associated with absorptions at 1390 and 1530cm ™' [19, 29]. The '"HNMR spectra of
1-3 dissolved in DMSO display seven resonances in the downfield region of the
spectrum that can be assigned to protons of ttpy. One singlet at 3.160-3.418 ppm is
assigned to methyl of the ttpy ligand. In 3, a further singlet at 2.48 ppm is assigned to
methyl of acetate. The '>°C NMR spectra of 1-3 in DMSO display resonances assigned
to the aromatic carbons of pyridine of ttpy. The aliphatic carbon of the methyls is at
22.17-22.96 ppm [31].

3.2. Crystal structure of {[Cd(ttpy)(NO3z),][Cdy(ttpy),(NO;3)]} (1)

The reaction of ttpy with Cd(NO3), in methanol gave pale orange crystals of 1 that were
suitable for X-ray diffraction analysis. Crystals of 1 belong to the space group P2;/c.
The crystallographic data and refinement parameters are summarized in table 1 and
selected bond parameters are listed in table 2. An ORTEP plot of the molecular
structure of 1 is presented in figure 1. The structure determination revealed that two

Figure 1. ORTEP plot for 1 with 50% thermal ellipsoids (hydrogens are omitted for clarity); i: —x, y+1/2,
—z41/2.
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separate coordination entities were present in the asymmetric unit. One of these is a
seven-coordinate mononuclear species [Cd(ttpy)(NO3),], in which three nitrogens of
ttpy and four oxygens of two nitrates were coordinated to Cd(II). The other is an eight-
coordinate dinuclear species [(ttpy)(NO3)Cd(u-NO3),Cd(ttpy)(NO3)], the two halves of
which are related by an inversion center. Here, the three nitrogens of ttpy and five
oxygens of three nitrates coordinate to Cd(II) with N3Os coordination spheres. As can
be seen from figure 1, nitrates coordinate in both terminal bidentate (%) and bridging
(7*: ") modes. The bridging nitrate is disordered over two positions with an occupancy
ratio of 3:1. Each ttpy is tridentate chelating in both the mononuclear and dinuclear
complexes, forming five-membered Cd—N-C—-C-N metallacycles with mean N1-Cd1-
N2, N2-Cd1-N3, and N21-Cd2-N22, N22-Cd2-N23 angles of 70.50°, 69.25°, 69.11°,
and 69.87°, respectively. The central pyridine ring of the mononuclear species (C6, C7,
C8, C9, C10, N2) forms a dihedral angle of 6.36° with the metallacycle plane (Cdl, N1,
C5, C6, N2) and an angle of 5.91° with the other plane (Cdl, N2, C10, C11, N3),
showing that the three connected planes are far from coplanarity. However, the central
pyridine of the dinuclear species (C35, C36, C37, C38, C39, N22) forms a dihedral angle
of 2.02° with the metallacycle plane (Cd2, N21, C34, C35, N22) and an angle of 1.34°
with the other plane (Cdl, N22, C39, C40, N23), showing that the three connected
planes are not far from coplanarity. Some of the N-O bond distances are unusually
long (2.761(5); 2.568(3) and 2.729(4); 2.675(4)A in the mononuclear and dinuclear
complexes, respectively) [20]. The Cd-N bond distances are very similar to related
complexes with the bond to the central pyridyl ring being shorter than those to terminal
rings [7a, 20, 32]. This pattern has been attributed to the constrained bite of terpyridyl
[33]. The methyl phenyl substituent is not coplanar with the central pyridine ring of the
tpy motif, but is twisted such that it makes a dihedral angle of 8.98° and 16.48° for
mononuclear and dinuclear complexes, respectively. The tpy metal-binding domain is
approximately planar with interplanar angles between bonded pyridine rings of less
than 9.9° for dimer and 12.50° for monomer. The Cd - - -Cd distance within the dimer is
5.272 A. The bond lengths of the three N-O bonds and also the three bond angles for
nitrate in the mononuclear and dinuclear species are different, showing that the nitrates
have been distorted in forming a bridge between two cadmiums.

Intermolecular and intramolecular hydrogen bonding and 7 interactions are
observed in 1. An inspection of 1 for weak directional intermolecular interactions by the
program MECURY, used for showing supramolecular interactions, shows that there
are O---H-C interactions [19, 34, 35] (table 3 and figure 2). The C-H- - Qnitrate
separations range from 2.412 to 2.606 A, which is indicative of moderate to strong
hydrogen bonds [19, 36]. Such a combination of noncovalent bonds could be exploited
to design anion receptors [19, 37]. All the terpyridine molecules are parallel in the
crystal packing of 1, forming a layered packing structure with interlayer distances of
3.648 A and 4.646 A [19, 38]. The centroid to centroid separations between neighboring
pyridine rings (3.351-3.386 A) are indicative of offset 7—m interactions. The n—n
interactions in this structure are highlighted in figure 2.

3.3. Crystal structure of [Cd(ttpy),(N3)]0.5CH;0H-0.125H,0 (2)

[Cdy(ttpy)»(N3)4] crystallizes in the monoclinic space group P2;/n. Crystal data and
details of the structure determination for 2 are given in table 1, an ORTEP plot of the
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Table 3. Intermolecular interactions in crystals of 1-3.
A---H-B H---A (A) B---A(A) B-H---A()
1
020---H50-C50(—x, y, —z+1/2) 2.606 3.531(2) 164.63
021---H7-C7(x+1/2, —y+1/2, z+1/2) 2.593 3.427(2) 146.63
021---H21-C21(x+1/2, y+1/2, 2) 2.412 3.326(1) 161.48
023 -H9-CO(—x+1/2, y+1/2, —z+1/2) 2.469 3.356(1) 155.25
023...HI12-CI12(—x, —y, —2) 2.513 3.346 146.48
023..-H17-C17(—x, —y, —z) 2.453 3.387 167.66
O1---H38-C38(—x, —y, —2) 2.495 3.417 136.35
Ol---H4-C41(—x, —y, —2) 2.526 3.339 143.50
02...-H43-C43(—x, —y, —2) 2.488 3.188 130.54
06---H51A-C51(—x, —y, —2) 2.520 3.490 170.65
N40B---H17-C17(—x, y, —z+1/2) 2.575 3.458(2) 154.72
N24...H50-C50(—x, y, —z+1/2) 2.593 3.370(2) 139.37
N4 ...H41-C41(—x, y, —z+1/2) 2.598 3.340(2) 135.23
7 -7 (Slipped face-to-face) C34---C21 - 3.351 -
C34...C17 3.386
2
N40---H9-CI(x+1/2, —y+1/2, z+1/2) 2.541 3.434(8) 156.70
N40---HI2-C12(x+1/2, —y+1/2, z+ 1)2) 2.502 3.430(8) 165.57
N40---H17-C17(x+1/2, —y+1/2, z+ 1/2) 2.620 3.469(8) 149.03
N41---H17-C17(x+1/2, =y +1/2, z+1/2) 2.601 3.442(8) 147.71
N41-.-H82A-C82(x+1/2, —y+1/2, z+1/2) 2.582 3.073(8) 91.49
N42---H63-C63(x+1/2, —y+1/2, z+1/2) 2.550 3.121(8) 118.81
N42...H35-C35(x+1/2, —y+1/2, z+1/2) 2.320 3.211(8) 156.03
N52---HI1-COl(x+1/2, —y+1/2, z+ 1/2) 2.627 3.447(8) 144.78
NO92---HS5I-C51(x+1/2, —y+1/2, z+1/2) 2.433 3.354(8) 163.48
NO92...H48-C48(x+1/2, —y+1/2, z+1/2) 2.645 3.569(8) 164.66
N92 .. -H81-C81(x+1/2, —y+1/2, z+1/2) 2.579 3.502(8) 164.18
NOIL---H81-C81(x+1/2, —y+1/2, z+1/2) 2.587 3.360(8) 138.78
N9O---H72-C72(x+1/2, —y+1/2, z+ 1/2) 2.624 3.515(8) 156.69
N90 - -- C200S(x + 1/2, —y+1/2, z+1/2) 2.848
N72---H71-C7T1(x+1/2, =y +1/2, z+ 1/2) 2.598 3.506(8) 159.96
NI120---H61-Col(x+1/2, —y+1/2, z+1/2) 2.552 3.490(8) 169.64
7 -7 (Slipped face-to-face) C52---C74 - 3.247 -
-7 (Slipped face-to-face) C55---C91 - 3.278 -
7 -7 Centroid C16-C21 -- - C23-C27N4 3.924
3
03---H49-C49(—x, y, —z+1/2) 2.609 3.229(2) 123.17
03 .- H48-C48(—x, y, —z+1/2) 2.359 3.221(2) 150.60
03 ---H40-C40(—x, y, —z+1/2) 2.577 3.473(2) 157.02
02.--H14-Cl4(—x, y,—z+1/2) 2.250 3.185(2) 167.32
N99...H41-C41(—x, y, —z+1/2) 2.538 3.319(2) 139.65
S100 - - - H45-C45 2.919
S100--- H33-C33 2.916
C100--- H45-C45 2.719
C88---H4-C4 2.640 3.543 158.90
7 -7 (Slipped face-to-face) C70--- C49 - 3.377 -
7 -- -7 (Slipped face-to-face) C8--- C50 - 3.360 -
Centroid C44-C50---CI11-C15N3 3.745
Centroid C35-C48N5 ... C6-C10N2 3.643

molecular structure of 2 is depicted in figure 3, and some selected interatomic bond
distances and angles listed in tables 2 and 3.
The asymmetric unit of 2 comprises two independent dinuclear [Cd,(ttpy)(IN3)4]

complexes along with methanol

(disordered over two positions) and water.
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Figure 3. ORTEP plot for 2 with 30% thermal ellipsoids (hydrogens are omitted for clarity).

Each centrosymmetric dimer consists of Cd(II) ions coordinated to tridentate ttpy
lignds and linked by two end-on bridging azides. The remaining two azides are terminal
ligands. Each cadmium is located in a distorted octahedral coordination environment.
The Cdl ---Cd2 and Cd3 - - - Cd4 distances are 3.713 and 3.720 A, respectively. The Cd—
N distances to the bridging azide range from 2.276 to 2.395 A, and the distances to
terminal azides are Cd(1)-N(120), 2.215; Cd(2)-N(40), 2.252; Cd3-N(92), 2.271; and
Cd(4)-N(110), 2.290 A. The Cd-N distances to ttpy vary between 2.323 and 2.428 A.
The Cd-N bond distances mostly match those observed in analogous CdN6
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Figure 5. View of the stacking layers in 2 along the a-direction.

complexes [39-43]. The bridging angles are very similar, [Cd(1)-N(60)-Cd(2), 103.20;
Cd(1)-N(50)-Cd(2), 105.71; Cd(3)-N(70)-Cd(4), 105.25; and Cd(3)-N(80)-Cd(4),
106.82°]. The bridging azides are very close to linear with an average N,—Ng-N,,
angle of 177.65°; however, the terminal azides have an average N,~Ng-N, angle of
166.31°. The N,—Ng bond lengths [1.073(9)-1.195(7) /o\] are a little shorter than those of
Ng-N, [1.182(8)-1.209(12) A], where N, indicates the nitrogen coordinated to
cadmium(II). These variations in bond distances have also been observed for azides
bonded in a terminal or u,-1,1-bridging fashion [5, 39-42].

One water and methanol are not coordinated to cadmium. The hydrogen of
uncoordinated water is involved in hydrogen bonding. The dimers by hydrogen
bonding of water form a 1D network (figure 4). There are intermolecular 7—m [43, 44]
interactions between aromatic rings of the ttpy ligands with a centroid-centroid
distance of 3.589A. There are some weak C-H---aromatic interactions,
C4-H4 .- Cgl, C43-H43...Cg2, and C53-H53---Cg3 with interaction distances of
2.849 A, 2.922 A, and 3.047 A, where the Cgl is the ring of C90-96, Cg?2 is the ring of
C74-80 and the Cg3 is the ring of C1-C5/N3. The C—H aromatic interactions and 7—m
stacking interactions play important roles in the packing of the dimers (figure 5).

3.4. Crystal structure of {[Cd(ttpy)(SCN)(CH;COO)][Cd(ttpy)(SCN),]>} (3)

The reaction of ttpy with Cd(CH3;COO),-4H,0 and KSCN in methanol gave brown
crystals that were suitable for X-ray diffraction analysis. Crystal data and details of the
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Figure 6. ORTEP plot for 3 with 30% thermal ellipsoids (hydrogens are omitted for clarity); i: —x, y+1/2,
—z+1/2.

structure determination for 3 are given in table 1. Some selected interatomic bond
distances and angles are listed in tables 2 and 3. An ORTEP plot of the molecular
structure of 3 is depicted in figure 6.

Complex 3 crystallizes in the monoclinic space group P2;/c. The structure
determination unexpectedly reveals that two separate coordination entities were
present in the unit cell. One of these was a six-coordinate mononuclear species,
[Cd(ttpy)(SCN)(CH;COOQO)], and the other was a six-coordinate dinuclear species,
[(ttpy)(SCN)Cd(p-SCN),Cd(ttpy)(SCN)].

In the mononuclear complex, Cd(II) centers are coordinated to a tridentate ttpy,
nitrogen of SCN™ and two oxygens of a bidentate CH;00™ (figure 6). The Cd—N-C—
C-N metallacycles involving ttpy have mean N1-Cd1-N2 and N2-Cd1-N3 angles of
68.58° and 68.97°, respectively. The central pyridine (C6, C7, C8, C9, C10, N2) forms a
dihedral angle of 2.65° with the metallacycle plane (Cd1, N1, C5, C6, N2) and an angle
of 3.12° with the other plane (Cdl, N2, C10, C11, N3). The tolyl substituent is not
coplanar with the central pyridine ring of tpy, but is twisted with a dihedral angle of
14.50°. The tpy metal-binding domain is approximately planar with interplanar angles
between bonded pyridine rings being less than 9.8°.

The structure of the centrosymmetric dinuclear complex is also shown in figure 6. In
this case, Cd(II) adopts a distorted octahedral geometry with three nitrogens from ttpy,
sulfur, and nitrogen from bridging SCN™, and a nitrogen from a terminal SCN™
comprising the coordination sphere. The {Cd(u-SCN-u-NCS)Cd} core has Cd-S and
Cd-N bond lengths of 2.630(2) and 2.366(7) A, respectively. The Cd - - - Cd separation is
6.053 A, which is somewhat longer than the intermetallic distances observed in similar
species with azide or nitrate bridges. The other Cd—N and Cd-S distances fall in the
range of 2.329-2.366 A and 2.630 A, respectively, which are normal [7a]. The SCN™
groups are nearly linear with N—C-S bond angles of 176.77-179.37°. The C-N—Cd and
C-S—Cd linkages are bent and the related bond angles are in accord with similar
reported complexes [7a, 16]. The Cd—N"" bond lengths show the expected pattern for a
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Figure 7. View of the stacking layers in 3 along the h-direction.

complex of 2,2:¢/,2"-terpyridine, with short contacts to central ring (2.297 A) and
longer contacts to the terminal rings (2.341-2.361 A) [7, 18]. These bond lengths to the
terminal rings very closely resemble those observed in other Cd—terpy complexes (2.337-
2.360 A), but the bond to nitrogen of the central pyridine ring of 2.297A is slightly
shorter than those in the central ring of other Cd-terpy complexes (2.305-2.331 /0\) [71.
This may be attributed to greater m-bonding with the 4-4'-methylphenyl substituted
ligand. Once again, the methyl phenyl substituent is twisted with respect to the central
pyridine ring of the terpy, with an angle of 14.77°. The terpy metal-binding domain is
approximately planar with interplanar angles between bonded pyridine rings less
than 6.40°.

An additional point of interest is the arrangement of the two complexes with respect
to each other within the lattice, as presented in figure 7. There are clear intermolecular
- interactions, with separation between two ligand planes of 3.59-3.70 A. The
following short contacts between N---H and O---H were observed in the complexes:
N99-H41 (2.538 A), 03-H40 (2.577 A), 03-H48 (2.357 A), 03-H49 (2.609 A), and 02—
H14 (2.250 A). Specific short contacts between certain hydrogens of the terminal
pyridine rings and sulfur and nitrogen of certain SCN™ ligands (S99 --- H31 (2.878 A),
S99 -..H42 (2.729 A), S99 ---C42 (3.399 A), S100---S100 (3.499 A)) assist in building
up a 3-D framework, as do contacts between oxygens of acetate and hydrogens of
nearby complexes.

3.5. A comparison of solid state and solution structures

Although the X-ray crystal structure of 1 shows both a mononuclear and a dinuclear
complex, only one ttpy-containing species is visible by NMR spectroscopy.
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ES-MS verifies that a dinuclear species is present in solution, hence the NMR
spectra can be explained by either a rapid equilibrium between the mononuclear and
dinuclear complexes or dimerization of the mononuclear complex. The dinuclear
structure of 2 is retained in solution, as evidenced by its '"H and '*C NMR spectra and
its electrospray mass spectrum. With respect to 3, again NMR spectroscopy indicates
the presence of just one ttpy environment, which indicates that the mononuclear and
dinuclear complex observed by X-ray crystallography are scrambled in solution.
In this case, the simple dimerization of the mononuclear complex will not give the
dinuclear complex since the latter complex does not contain acetate. Therefore, in this
case it is most likely that a rapid exchange process renders the two complexes identical
on the NMR timescale. This is consistent with the electrospray mass spectrometry
results.

3.6. Antibacterial activity

The antibacterial activities of ttpy and 1-3 are shown in tables 4 and 5. The free ligand
has appreciable activity against gram-positive bacteria Escherichia coli and
P. aeruginosa (inhibitory zones > 20 mm), but against K. pneumonia it shows reduced
activity (inhibitory zones < 15 mm) [45]. Among three tested gram-negative bacteria, the
free ligand has good activity only against B. anthracis, while against S. pyogenes and
S. aureus it is inactive. Complex 1 has weak activity against B. anthracis and
K. pneumonia, while against other bacteria it is inactive. Complex 2 is active against all

Table 4. Antibacterial activities of ttpy and 1-3.

Growth inhibitory zone (mm)
Main compounds

Standard
Microorganism gentamicine ttpy 1 2 3
S. Pyogenes(+) 13 - - 20 -
B. Anthracis(+) 32 25 10 15 -
S. aureus(+) 20 - - 20 -
E. coli(—) 25 25 - 20 -
K. pneumonia(—) 20 10 12 30 -
P. aeruginosa(—) 15 20 - 10 -

Table 5. Minimal inhibitory concentration (MIC).

MIC (mg mL™")
Main compounds

Microorganism ttpy 1 2 3
S. pyogenes(+) - - 50 -
B. anthracis(+) 12.5 100 100 -
S. aureus(+) - - 50 -
E. coli(—) 12.5 - 50 -
K. pneumonia(—) 100 100 6.25 -

P. aeruginosa(—) 50 - 1 00. -
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tested gram-positive and gram-negative bacteria (inhibitory zones>20mm), except
P. aeruginosa, against which it shows slight activity. Complex 3 is inactive against all
tested bacteria. As can be seen from tables 4 and 5, the antibacterial activity of 2 against
K. pneumonia is higher than the free ligand. Though the free ligand is inactive against
S. pyogenes and S. aureus, 2 shows good activity against these two kinds of gram
negative bacteria. Also, the antibacterial activity of 2 against K. pneumonia and
S. pyogenes is higher than the standard antibiotic gentamicine. The high antibacterial
activity of 2 is probably due to N3~ in this complex [46, 47]. The quantitative assays
gave MIC values in the range of 6.25-100mgmL~" (table 5), which confirmed the
above results.

4. Conclusions

Three new cadmium(Il) complexes, {[Cd(ttpy)(NO3),][Cds(ttpy)>(NO3)4]} (1),
[Cda(ttpy)2(N3)4]0.5CH;0H - 0.125H,0 (2), and [Cd(ttpy)(SCN)(CH;COO0)]
[Cd(ttpy)(SCN),]»} (3), were prepared and structurally characterized. The structures
are interesting and different from each other. Coordination number of cadmium(II) in
these complexes varies from eight to six. Both mono- and binuclear species were present
in the asymmetric unit of 1 and 3, while the asymmetric unit of 2 comprises two
independent binuclear complexes. The antibacterial activities show that though the free
ligand is inactive against S. pyogenes and S. aureus, complex 2 shows good activity
against these bacteria; the antibacterial activity of 2 against K. pneumonia and
S. pyogenes is higher than the standard antibiotic gentamicin.

Supplementary material

CCDC reference numbers 785010—785012 contain the supplementary crystallographic
data for this article. These data can be obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html.
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