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ABSTRACT: The ligand 2,4,6-tris(2-picolylamino)-1,3,5-triazine (o-Hstpat) with essentially resonative structure and two
copper(Il)-based one-dimensional coordination chain structures, [Cu;Cl;(0-H,tpat)(H,0)]-MeOH-CH,Cl, (1) and [Cu,(o-
H,tpat)(H,0)(MeOH)(NO;),](NO,)-3MeOH (2), with different structural patterns have been synthesized and characterized
using single crystal X-ray diffraction analysis. For o-Hjtpat, two crystalline forms showing different solid-state structural features
are obtained from MeOH/Et,O (form I) and CH,Cl,/Et,O (form II), respectively. The o-Hjtpat form I adopts an asymmetric-
configured all-amino resonative tautomer with three cis—trans—trans-arranged pyridyl groups, whereas the o-Hjtpat form II
adopts also an identical resonative structure but where two of the three pyridyl groups are in a cis-manner and the third one is
nearly coplanar with the central aminotriazine core. On the other hand, the designed tripodal ligand in both Cu(II)-complexes
serves as a monoanion, o-H,tpat™, which suits a propeller-configured all-imino resonative structure in 1 and a syn—anti-configured
amino—imino—imino resonative structure in 2. These observations significantly indicate that the o-Hjtpat ligand can self-adjust
and interconvert its conformation via a possible structure transformation associated with proton-shift to adapt a change in the
crystallization and self-assembly reaction systems. In the magnetic point of view, 1 is treated as repeated chains composed of
infinite {Cu4Clo} units wherein the hexanuclear unit is further decomposed to one {Cu(II),Cl¢} and two magnetically isolated
{Cu(I1)CL,} subunits. Antiferromagnetic interactions are found for the Cu, subunits (g = 2.33, 2], = —=5.6 cm™’, 2], = —8.6 cm ™",
2J; = —4.1 cm ™', and J, held to zero). For 2, it is considered as an infinite chain that composes of Cu, units antiferromagnetically
coupled (g = 2.03, 2J; = —0.2 cm™"). The small antiferromagnetic exchange constants in both 1 and 2 suggest that the unpaired
spins do not effectively interact through the tripodal o-H,tpat™ ligands.

B INTRODUCTION fascinating structural and spectroscopic properties, and even
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In the past decade, a tremendous effort has been devoted to the biological functions. For example, the multidentate

targeted construction of polymeric and/or discrete metallo-
supramolecular assemblies from tailored molecular components

trinucleating ligand 2,4,6-tris(dipyridin-2-ylamino)-1,3,5-tria-
zine (dpyatriz) as bidentately bound three copper(II) ions in

through metal—ligand direct coordinate bonds and/or non- a trigonal array via its three pairs of pyridine-N donors, giving
covalent interactions, mostly hydrogen bondings and 7—7 rise to the formation of oligo-nuclear discrete cage-like
stacking interactions." Aminotriazine (melamine) derivatives structures'"'**!” and one-dimensional polymeric chains.'**"?
have proven their great potential in organizing tecton-based In addition, the strong electron-withdrawing (7-deficient)
hydrogen-bonded supramolecular networks”™® and in complex-

ing with metal ions via functionalized donating groups to yield Received: July 31, 2012

new oligo- and polynuclear metal coordination arrays with Published: November 2, 2012
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properties of the 1,3,5-trazine ring of aminotriazine ligands has
been found to enhance the noncovalent anion—aromatic
interactions between anions and the aryl centroid of z-acidic
rings for the recognition of anions.''>"®

Among the aminotriazine-based polydentate ligands, it is of
particular interest to note that N-substituted secondary
aminotriazine derivatives agree a large contribution of the
resonative conformers up to nineteen with respect to both
electronic and geometrlc isomerism (Scheme S1 in the
Supporting Information).'* " In view of electronic isomerism,
either amino or imino resonative structure exists as a result of
heterocyclic tautomerism through the system of conjugated
double bonds associated with hydrogen shift between the out-
of-ring amino (N_,) and inner ring nitrogen atoms (Nj,...)."
This dynamic process demonstrates four possibilities from an
all-amino tautomer to an imino—amino—amino, an amino—
imino—imino, and an all-imino tautomeric form. On the other
hand, with the aspect of geometric isomerism, N-substituted
secondary aminotriazine derivatives allow a propeller and an
asymmetric conformer for the all-amino and all-imino
resonative structures as well as a syn—syn, a syn—anti, and an
anti—anti conformer for the imino—amino—amino and amino—
imino—imino resonative structures. These conformational
isomers arise from two dynamic processes: (i) the restricted
rotation about the amino—triazine bond for the amino
tautomers and (ii) the E—Z isomerism for the imino
tautomers.”” ! In addition, it is also worth noting that the
remaining out-of-ring amine-hydrogens can serve as hydrogen
donors; this may dominate complementary supramolecular
recognitions in addition to their coordination features.”>”>*
Therefore, the coordination chemistry of this type of
aminotriazine derivatives is expected to be interesting.

Herein, we report on the synthesis, characterization, and
solid-state structures of a novel tripodal N-substituted
secondary pyridine-amine-triazine ligand, 2,4,6-tris(2-picolyla-
mino)-1,3,5-triazine (o-Hjtpat, Scheme 1), following on its

Scheme 1. Molecular Structure of 2,4,6-Tris(2-
picolylamino)-1,3,5-triazine (o-Hjtpat)
N
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reactivity toward the preparation, X-ray structure character-
ization, and the magnetic properties of two copper(II)-based
one-dimensional coordination chain arrays. The varied ligand
conformations are also discussed.

B EXPERIMENTAL SECTION

Materials and Instruments. Chemical reagents were purchased
commercially and were used as received without further purification.
'H and ®C{'H} NMR spectra were recorded on a Bruker AMX-300
Solution-NMR spectrometer. All chemical shifts are reported in & units
with reference to the residual protons of the deuterated solvent.
Coupling constants are given in Hertz. Matrix-assisted laser desorption
ionization time-of-flight mass spectra (MALDI-TOF-MS) were
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measured on a Bruker Daltonics flexAnalysis mass spectrometer.
Thermogravimetric (TG) analyses were performed under nitrogen
with a Perkin-Elmer Pyris 1 TG analyzer. Infrared (IR) spectra were
recorded on a Perkin-Elmer RX1 Fourier transform infrared
spectrometer. Elemental analyses (C, H, N) were performed on an
Elementar Vario EL III analytical instrument. The magnetic data of the
powdered samples of 1-MeOH-CH,Cl, and 2-3MeOH were recorded
on a SQUID magnetometer (SQUID-VSM, Quantum Design) under
an external magnetic field (0.5 T) in the temperature range 2—300 K.
The magnetic susceptibility data were corrected with ligands'
diamagnetism by the tabulated Pascal’s constants.

Synthesis of 2,4,6-Tris(2-picolylamino)-1,3,5-triazine (o-
Hstpat). A solution of cyanuric chloride (1.84 g, 10.0 mmol) in
THF (50 mL) was slowly added to a solution of 2-(aminomethyl)-
pyridine (3.57 g, 33.0 mmol) in THF (50 mL) in an ice—water bath.
Triethylamine (NEt,, 6.68 mL, 66.0 mmol) was then added at room
temperature. The mixture was stirred at 80 °C, and the reaction was
monitored by TLC. The reaction was completed in approximately 48
h. After cooling to room temperature, the reaction solvent was
removed under reduced pressure. The residue was extracted with an
aqueous solution of potassium carbonate (aq. K,COj, 4 equiv.) and
dichloromethane (2 X 50 mL) followed by H,0/CH,Cl,. The organic
extracts were combined and dried with anhydrous MgSO,. The pure
product was obtained by recrystallization from MeOH/H,O. Yield:
83% (3.23 g, 8.32 mmol). '"H NMR (300 MHz, DMSO-dy): 5 8.43 (br,
d, J = 17 Hz, 3H), 7.63 (br, d, ] = 50 Hz, 3H), 7.27-7.09 (br, m, 9H),
4.46 (br, d, ] = 41 Hz, 6H) ppm. *C{'H} NMR (75.5 MHz, DMSO-
dy): 8 166.18, 160.01, 148.77, 136.73,136.53, 121.91, 121.15, 120.94,
45.59, 4542 ppm. IR (KBr pellet): 3400, 3257, 3214, 3058, 3011,
2975, 2933, 1623, 1569, 1521, 1479, 1437, 1341, 1252, 1222, 1174,
1096, 1048, 1000, 941, 898, 839, 815, 755, 683, 635, 611, 569, 510,
462 cm™'. MS (MALDI-TOF): m/z = 400.08 [M]*. Anal. calcd for
Cy,H3N;: C, 63.14; H, 5.30; N, 31.50%. Found: C, 63.02; H, 5.27; N,
31.65%. Colorless crystals suitable for X-ray diffraction analysis were
obtained from MeOH/Et,O (form I, triangle-shaped) or CH,Cl,/
Et,O (form II, block-shaped) at room temperature.

Synthesis of [Cu;Cls(o-H,tpat)(H,0)]-MeOH-CH,Cl, (1). A
solution of CuCl, (28.7 mg, 2.1 X 10" mmol) in MeOH (5 mL)
was carefully layered on top of a mixture of MeOH—CH,Cl, (6 mL,
1:1 v/v, middle), and a solution of o-Hjtpat (19.9 mg, 5.0 X 107
mmol) in CH,Cl, (5 mL, bottom) at room temperature. The solution
was allowed to stand for approximately 4 weeks, resulting in the
formation of green-colored crystals. Yield 76% (34.6 mg, 3.8 X 107
mmol). IR (KBr pellet): 3322, 3112, 3035, 1658, 1593, 1569, 1485,
1449, 1425, 1371, 1287, 1222, 1156, 1108, 1036, 893, 767, 719, 683,
653, 581, 540, 473, 420 cm™’. Anal. calcd for C,;H,,Cl,Cu;N,O: C,
32.16; H, 2.83; N, 16.07%. Found: C, 32.05; H, 3.31; N, 15.60%.

Synthesis of [Cu,(o-H,tpat)(H,0)(MeOH)(NO;),]-
(NO3)-:3MeOH (2). Method 1. A solution of Cu(NO;),-2.5H,0
(47.6 mg, 2.0 X 107" mmol) in MeOH (S mL) was carefully layered
on top of THF (6 mL, middle), and a solution of o-Hstpat (20.0 mg,
5.0 X 107 mmol) in CH,Cl, (5 mL, bottom) at room temperature.
The solution was allowed to stand for approximately 2 weeks, resulting
in the formation of deep-green crystals of 2-3MeOH. Yield 76% (33.0
mg, 3.8 X 107> mmol). Method 2. A sample of Cu(NO;),-2.5H,0
(47.6 mg, 2.0 X 107" mmol) and a sample of o-Hjtpat (20.0 mg, 5.0 X
1072 mmol) were dissolved in DMF/MeOH mixture (7 mL, 2:5 v/v).
The resulting solution was placed at the bottom of a test tube. Upon
the solution were then successively layered MeOH (S mL) and ethyl
ether (10 mL). The solvents were allowed to diffuse slowly over 4
weeks at room temperature, resulting in the formation of deep-green
crystals. Yield 60% (25.8 mg, 3.0 X 10~ mmol). IR (KBr pellet): 3262,
3071, 3028, 2927, 2867, 1766, 1605, 1569, 1527, 1491, 1383, 1294,
1216, 1156, 1108, 1060, 1030, 982, 826, 767, 725, 683, 653, 551, 467,
432 ecm™. Anal. caled for Cp,H,¢Cu,N,,0,;-2.5H,0: C, 32.76; H,
3.87; N, 20.84%. Found: C, 32.31; H, 3.53; N, 21.32%.

X-ray Crystallography. Single-crystal X-ray diffraction analysis
was performed by using a Bruker Smart CCD diffractometer equipped
with graphite monochromatized Mo Ka radiation (1 = 0.71073 A).
Intensity data were collected at 296(2) K within the limits of 2.69° < 6
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Table 1. Crystallographic Data for o-Hstpat (Form I and Form II), 1, and 2

compounds o-Htpat form I o-Hstpat form II 1 2
empirical formula C,H, Ny C,H, Ny C,3H,Cl,Cu;NyO, C,sH33Cu,N Oy
M, 399.47 399.47 901.31 857.75
crystal system orthorhombic triclinic triclinic monoclinic
space group Pna2, PT PT P2,/c
a (A) 16.1737(19) 9.6725(3) 7.5069(4) 10.5146(12)
b (A) 8.2290(9) 10.2291(3) 12.5901(7) 25.643(3)
¢ (A) 15.1638(16) 11.6416(3) 16.6286(9) 13.6739(16)
a (deg) 90 111.9670(10) 88.738(3) 90
£ (deg) 90 92.7320(10) 84.968(4) 107.448(7)
7 (deg) 90 111.5810(10) 85.381(3) 90
v (A% 2018.2(4) 970.13(5) 1560.29(15) 3517.2(7)

z 4 2 2 4

T (K) 296(2) 296(2) 296(2) 296(2)
1 (A) 0.71073 0.71073 0.71073 0.71073
D (g em™) 1315 1.368 1918 1.620

4 (mm™) 0.085 0.089 2.667 1292
Fono 840 420 902 1768
GOF 1.028 0.816 1.003 1.054
R (I > 26 (D)) 0.0333 0.0370 0.0620 0.0614
wR,? (I > 20 (1)) 0.0705 0.0919 0.1476 0.1645
R, (all data) 0.0420 0.0543 0.1215 0.0980
wR,? (all data) 0.0739 0.1049 0.1862 0.1920
AP Dpin (€ A7) 0.151/—0.167 0.158/—0.209 0.716/—1.142 1.351/-0.609

“R, = Y|IEJ=IF|l/TIF,). PwR, = {X[w(F2 — F2)?]/ X [w(F2)*}2

< 25.00° and 1.93° < @ < 25.05° for the form I and form II of the o-
Hstpat ligand, respectively, and 1.23° < 6 < 25.12° for 1 and 1.59° < 6
< 25.14° for 2. Starting models for structure refinement were solved
by direct methods using SHELXS-97,>> and the structural data were
refined by full- matrlx least-squares methods on F? using the WINGX>®
and SHELX-97*° program packages. Anisotropical thermal factors
were assigned to non-hydrogen atoms. Carbon- and triazine nitrogen-
bound hydrogen atoms in 1 and 2 were assigned by geometrical
calculation and refined as a riding mode. Oxygen and secondary amine
nitrogen-bound hydrogen atoms in o-Hjtpat form I and form II as well
as 2 were structurally evident in difference Fourier maps. Isotropic
displacement parameters of all hydrogen atoms were derived from the
parent atoms. Experimental details for X-ray data collection and the
refinements are summarized in Table 1.

Computational Method. Geometry optimizations of the all-
amino (conformers A and B) and all-imino (conformer C) resonative
tautomers of o-Hjtpat have been carried out using the B3LYP
functional theory incorporating the Becke’s three parameter exchange
functional (B3»)27 with Lee, Yang, and Parr (LYP) correlation
functional®® employing the Gaussian 03 program.” The internally
stored 6-31G* basis set was employed.> Stationary point geometries
thus obtained were characterized as local minima on the potential
energy surface since all the frequencies of normal vibrations for these
structures turn out to be real.

B RESULTS AND DISCUSSION

Synthesis and Structural Properties of o-Hstpat. The
tripodal ligand, o-Hjtpat, has been prepared in moderate yield
by reaction of cyanuric chloride with 2-picolylamine using
triethylamine in THF at 80 °C for 48 h. The molecular
structure has been characterized by spectroscopic analysis
undoubtedly. It is noted that the '"H NMR spectrum of o-
Hjtpat in DMSO-d4 at room temperature shows broadened
proton resonances (Figure S1, Supporting Information). This
reasonably hints that there may be several conformation forms
for o-Hjtpat in the solution state, and these configuration
isomers interconvert with each other in a rate closed to the
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NMR time scale. However, an a priori exclusion of some
conformers is not evident and the preference of the amino- or
imino-form does not confirm conclusively.*" Fortunately, two
condensed polymorph forms I and II of o-Hjtpat have been
obtained as colorless crystals suitable for X-ray structural
determination, providing a definitive proof of ligand con-
formation in the solid-state.

The o-Hjtpat form I, obtained as triangle-shaped crystals by
layering ethyl ether on top of a solution of o-Hjtpat in
methanol, belongs to the orthorhombic space group Pna2, and
demonstrates a molecular structure in an all-amino form, as
evidenced by the N o;—Ciimine bond distances of 1.354(3)—
1.358(3) A and the N,,..,—Cipine Pond distances of 1.336(3)—
1.352(3) A (Table 2). The o-Hstpat ligand, from the geometric
isomerism point of view, has an asymmetric configured
aminotriazine core attaching to three freely rotat1n§ pyridyl
groups in a cis—trans—trans manner (Flgure la).>" Intra-
molecular C—H---7 interactions (C--C/N, 3.91—4.44 A) are
observed between the two cis-orientated pyridyl groups that
have a dihedral angle of 64.7°. Each o-Hstpat ligand contacts to
six neighbors through mainly six classic stronger N, —H: "N,
hydrogen bonds (NN, 2.932(2)—3.185(2) A, Figure 1b and
Table 3) and further two pertinent weak C—H-Nj ...
hydrogen bonds (C--N, 3.549(3) A), leading to a three-
dimensional supramolcular assembly (Figure S4, Supporting
Information).

The o-Hjtpat form II, obtained as rectangle-shaped crystals
from a solvent system of dichloromethane/ethyl ether,
crystallizes in the triclinic space group P1 and has a molecular
structure in an all-amino form with an asymmetric configured
aminotriazine core (Figure 2a). The N ye—Cuiwine 2nd the
Ninner—Ciazine Dond distances are in the range 1.345(2)—
1.356(2) A and 1.336(2)—1.352(2) A, respectively (Table 2).
Two o-Hjtpat molecules form a dimeric assembly via DADA—
ADAD quadruple Ngye,—H "Ny and Ny, —H:+N,,, hydro-
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Table 2. Selected Bond Lengths (A) and Angles (deg) for the
Aminotriazine Moiety of the o-Hjtpat Ligand in Form I and
Form II and of the o-H,tpat™ Ligand in Complexes 1 and 2

o-Hjtpat o-Hjtpat form
compds form I I 1 2
N1-C1 1.345(3) 1.340(2) 1.360(10)  1.380(8)
N1-C2 1.352(3) 1.350(2) 1.372(10)  1.381(7)
N2-C2 1.336(3) 1.347(2) 1.331(10)  1.342(7)
N2-C3 1.348(3) 1.345(2) 1.354(10)  1.331(7)
N3-C3 1.348(3) 1.336(2) 1.369(10)  1.337(7)
N3-Cl1 1.346(2) 1.352(2) 1.383(10)  1.331(7)
N4-Cl1 1.354(3) 1.345(2) 1.291(10)  1.318(7)
N4-C4 1.453(3) 1.443(2) 1.480(11)  1.451(8)
NS—C2 1.358(3) 1.346(2) 1.314(10)  1.313(7)
N5—C10 1.464(3) 1.453(2) 1.460(10)  1.468(7)
N6-C3 1.355(3) 1.356(2) 1.298(10)  1.379(7)
N6-C16 1.460(3) 1.440(2) 1.456(10)  1.477(7)
C1-N4—C4 123.17(17) 124.35(14) 114.8(7) 117.2(5)
C2—-N5-C10 122.56(17) 123.39(13) 115.4(7) 113.6(5)
C3-N6—-C16 123.06(17) 122.71(13) 118.2(6) 118.4(5)

(b)

Figure 1. Molecular structure of o-Hjtpat form I (a) ORTEP
depiction together with the photograph of the triangle-shaped single
crystals. Displacement ellipsoids are drawn at the 30% probability
level. (b) Representation of the environment of one o-Hjtpat
molecule, which was surrounded by six neighboring o-Hjtpat
molecules through pertinent N, —H-"N,, (yellow dashed lines)
and C—H-Nj,, hydrogen bonds (green dashed lines).

inner

gen bonds (NN, 2.992(2)—3.032(2) A, Figure 2b and Table
3), which leads to an extended supramolcular assembly through
pertinent weaker C—H:--N,,, hydrogen bonds (C-N, 3.377(3)

Table 3. Hydrogen Bonding Parameters for o-H;tpat Form I
and Form II

D-—
D-H H-A . H--A symmetry
D—H--A (A) (A) DA (A) (deg) code
form 1
N4-H101---N8 1.00 207  2932(2) 143 Y, —x
1/% +
—/r+z
N5—H102---N9 099 230  3.185(2) 148 '/, +x
Vo—yz
N6—H103:--N7 099 202  3.003(3) 176  —x,1—y,
Y+ z
C16—H16B--N1 097 259  3.549(3) 172 =Y/, + x,
Vo—yz
form II
N5—H102---N2 097 208  3.032(2) 166 1—=x1-y,
1 -2z
N6—-H103---N8 094 207  2992(2) 164 1-—x1-y,
1 -2z
C4—H4A---N9 097 270  3.377 127 x1+yz

(b)

Figure 2. Molecular structure of o-Hjtpat form IL. (a) ORTEP
depiction together with the photograph of the rectangle-shaped single
crystals. Displacement ellipsoids are drawn at the 30% probability
level. (b) Representation of the dimeric assembly of o-Hjtpat arising
from the DADA—ADAD quadruple hydrogen bonds.

A, Figure SS, Supporting Information) and C—H-x inter-
actions (C--C/N, 3.49—4.41 A).

Preparation of Copper(ll) Complexes. Slow diffusion of
a methanol solution of CuCl, into a dichloromethane solution
of as-synthesized o-Hjtpat with a mixture of MeOH and
CH,Cl, as buffer at room temperature has yielded green
crystalline products of [Cu;Cls(o-H,tpat)-
(H,0)]-MeOH-CH,Cl, (1), whereas [Cu,(0o-H,tpat)(H,0)-
(MeOH)(NO;),](NO,;)-:3MeOH (2) has been obtained as
deep-green crystals from the diffusion of a methanol solution of
Cu(NO,),-2.5H,0 into a dichloromethane solution of o-Hjtpat
with THF as buffer. Alternatively, 2 has also been prepared

dx.doi.org/10.1021/ic3016854 | Inorg. Chem. 2012, 51, 12360—12371
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from the reaction system of Cu(NO,),-2.5H,0 and o-Hjtpat in
DMF:MeOH mixture at room temperature.

Crystal Structure of [Cu;Cls(o-H,tpat)-
(H,0)]'MeOH-CH,Cl, (1). A single-crystal X-ray diffraction
analysis of 1 reveals that the asymmetric unit contains three
crystallographically independent copper(II) ions together with
five chloride monoanions, one monoanionic o-H,tpat™ ligand,
and one aqua ligand to complete the coordinative-motif, as well
as one lattice methanol and one lattice dichloromethane
molecule (Figure 3). Each unique copper ion has a distinctive

Figure 3. ORTEP depiction showing the coordination environment
around the metal ions and the coordination mode of o-H,tpat™ ligand
with selected numbering scheme in 2. Pertinent Nj,,.,—H-Cl and
O,qua—H +"Nje, hydrogen bonds are represented by dotted lines. The
carbon-bound hydrogen atoms are omitted for clarity. Displacement
ellipsoids are drawn at the 50% probability level. Symmetry
transformations used to generate equivalent atoms: #1, —x + 2, —y
+1L, -z #,x-1,yz

coordination environment: Cu(1) has a N,Cl;-coordination
sphere made of an iminopyridyl chelating group and three -
chloro ligands; Cu(2) has a N,Cl,-coordination sphere made of
an iminopyridyl chelating group and two terminal chloro
ligands; and Cu(3) has a N,OCl,-coordination sphere made of
an iminopyridyl chelating group and one aqua, one g-chloro,
and one terminal chloro ligands. Both of the two pentacoordi-

nated copper ions, Cu(1) and Cu(3), exhibit distorted square

pyramidal §eometries with 7 values of 0.38 and 0.18,
respectively.” The tetracoordinated Cu(2) ion shows a highly
distorted square planar geometry with the bond angles ranged
from 83.6(3)° to 146.0(2)°. It is noted that the tripodal ligand
herein, for achieving charge-neutralization, is found to be
monoanion, o-Hjtpat™. Meanwhile, the N, —C bond
distances of 1.291(10)—1.314(10) A and the Nj,o;—Ciisine
bond distances of 1.331(10)—1.383(10) A are, respectively,
somewhat shorter and longer than those in both o-Hjtpat form
I and form II (Table 2). In addition, the sum of the bond
angles of nearly 360° surrounding the out-of-ring nitrogens
indicates that all the out-of-ring nitrogens are of approximately
sp* configuration (Table S1, Supporting Information).'” These
observations clearly indicate that the monoanionic o-H,tpat™

triazine

ligand herein exists in an all-imino resonative structure with two
protons bonded to two of the three triazine nitrogens (Njye)-
On the other hand, the o-H,tpat™ ligand has a propeller
configuration in geometry and adopts a tris-bidentate chelating
mode through its pyridyl and out-of-ring imino nitrogen atoms
toward three copper ions (Figure 3), forming a fundamental
trimetallic repeating unit {Cu,Cl;(o-H,tpat) (H,0)}. Pertinent
Njyne—H-Cl hydrogen bonds between the protonated triazine
hydrogens and chloro ligands (N---Cl, 3.084(7)—3.112(7) A,
Table 4) and O,qua—H*Njyer hydrogen bonds between the
aqua hydrogen and the unprotonated triazine nitrogen (O-N
2.591(9) A) are observed within the trimetallic entity.

The trimetallic repeating unit {CuyCls(o-Hytpat)(H,0)}
interacts with three units through the connection of further
coordination-bonds between the copper ions (Cu(1l) and
Cu(3)) and the chloro anions (CI(1) and CI(2)) from
neighboring units and vice versa to form a one-dimensional
tape-like coordination-chain structure running along the
crystallographic a axis (Figure 4a). The chain-forming Cu—Cl
bonds are at the apical positions of the pentacoordinated
copper ions and have distances of 2.723(2)—2.770(2) A,
significantly exhibiting bond approximately 0.5 A longer than
the basal Cu—Cl bonds (2.267(2)—2.278(2) A), indicating only
loose association of the trimetallic repeating units. Lattice
methanol molecules make contacts with the coordination-
chains through O, q.,,—H---Cl hydrogen-bonding interactions

Table 4. Hydrogen Bonding Parameters for 1 and 2

D—-H--A D-H (4) H--A (A)

1

N1-H101---Cl4 0.86 2.36
N3-H102--Cl1 0.86 245
O1-H103---N2 0.83 1.78
01-H104---Cl5 0.82 225
02-H105--CI2 0.85 2.74
2

N1-H101---O4 0.86 1.99
N6—-H102--07 0.89 2.03
010—-H103---07 0.84 2.56
010—H103---N3 0.84 1.92
010—H104---023 0.84 1.86
022—-H105--025 0.86 1.90
023-H106---07 0.86 2.50
023-H106---09 0.86 1.98
024-H107---02 0.90 1.93
025—-H108:-024 0.89 2.05
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D--A (A) D—H:-A (deg) symmetry code
3.112(7) 146

3.084(7) 132

2.591(9) 165 x+1,yz

3.047(6) 162 —x + 2, =y, —z
3.189(8) 114 —x+2,—y+1, -z
2.762(6) 149

2.906(8) 171

3.032(7) 117

2.663(6) 148

2.707(7) 177 %=y + 'y z+
2.672(10) 147

3.042(7) 122 % =y +'yz="/
2.821(7) 166 X =y + 'z ="/,
2.775(8) 156

2.746(12) 134 1+x7yz
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(b)

Figure 4. (a) Representation of the one-dimensional tape-like coordination-chain structure in 1. Carbon-bound hydrogen atoms and lattice
dichloromethane molecules are omitted for clarity. Color scheme: cyan, Cu; green, Cl; red, O; blue, N; gray, C; yellow, H. (b) Representation of
chain-to-chain O,y,,—H--Cl hydrogen-bonding interactions assisted supramolecular sheet in 1 view down the crystallographic ¢ axis.

(0--Cl, 3.189(8) A) between the hydroxyl hydrogens and the
u-chloro ligands of the Cu,(u-Cl), rhombs. On the other hand,
there are also chain-to-chain O,g,,—H--Cl hydrogen-bonding
interactions (O--Cl, 3.047(6) A) between the coordination
aqua hydrogens in one chain and the terminal-chloro ligands in
neighboring chains, leading to a sheeted supramolecular array
extended in the ab plane (Figure 4b).

Crystal Structure of [Cu,(o-H,tpat)(H,0)(MeOH)-
(NOs),1(NOs)-3MeOH (2). A single-crystal X-ray diffraction
analysis of 2 reveals that the asymmetric unit contains two
crystallographically independent copper(Il) ions, three nitrate
anions, one monoanionic o-H,tpat™ ligand, one water molecule,
and four methanol molecules (Figure S). The designed tripodal
ligand in 2 is also a monoanion of o-H,tpat™ in saturating the
requirement of charge-neutralization. Two of the three N, .,—
Crigine Donds show distances of 1.313(7) and 1.318(7) A

12365

(Table 2), significantly indicating the imino N—C double-bond
character. This is further supported by the sum of the bond
angles of nearly 360° surrounding the out-of-ring nitrogens
(Table S1, Supporting Information). Comparatively, the third
N uter—Clriazine bond distance is 1.379(7) A and the sum of the
bond angles surrounding the N, atom is approximately 323°,
being an amino N—C single-bond. Therefore, the o-H,tpat™
ligand herein demonstrates an amino—imino—imino resonative
structure in which only one of the three triazine nitrogens is
protonated. From the geometric isomerism point of view, the o-
H,tpat™ ligand has a syn—anti configuration and coordinates to
three copper ions in a tris-chelating manner of its two
iminopyridyl and one aminopyridyl moieties (Figure $).
There are pertinent Ny, ., —H:--O ., hydrogen bonds between
the protonated triazine hydrogen and the coordinated nitrato
oxygen (N--O, 2.762(6) A, Table 4) and O,,—H-N;

aqua mner
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Figure 5. ORTEP depiction showing the coordination environment
around the copper ions and the trimetallic coordination mode of o-
H,tpat™ ligand with selected numbering scheme in 2. Semicoordinate
Cu—O,jya, bonds are shown as dashed lines. Pertinent O,g,—
H-Nipner and Nijppor—H-Opiraro hydrogen bonds are represented by
dotted lines. The carbon-bound hydrogen atoms and uncoordination
nitrate counteranions are omitted for clarity. Displacement ellipsoids
are drawn at the 15% probability level. Symmetry transformations used
to generate equivalent atoms: #1, x, —y + /5, z — '/ #2, x, =y + 3/,
z+ 1/,

hydrogen bonds between the aqua hydrogen and the
unprotonated triazine nitrogen (O--N, 2.663(6) A).

On the other hand, both the two crystallographically distinct
copper ions are pentacoordinated but in different environ-
ments. While Cu(l) has a N,Oj-coordination sphere
comprised of an iminopyridyl chelating group, one aqua and
one monodentate nitrato ligands, and one methanol molecule,
Cu(2) is in a N,O-coordination sphere made of an
iminopyridyl and an aminopyridyl chelating groups of two
different o-H,tpat™ ligands and one monodentate nitrato ligand.
Both Cu(l) and Cu(2) show distorted square pyramidal
geometries with 7 values of 0.20 and 0.14, respectively.’” The
apical Cu—Oethanal Of 2.249(5) A in Cu(1) and Cu—N,., of
2.459(5) A in Cu(2) bond lengths are significantly longer than
these (Cu—O, 1.930(4)—2.054(4) A; Cu-N, 1.976(5)—
2.024(S) A) in the basal plane due to the Jahn—Teller
distortion. However, when the long Cu--Oy., bonds
(Cul---02, 2.572 A and Cu2---OS, 2.587 A) are taken into
consideration, the coordination environments of Cu(l) and
Cu(2) can also be described as distorted octahedral geometries.

Compound 2 has a belt-like coordination chain structure
running along the crystallographic ¢ axis (Figure 6a). Intrachain
m—n interactions showing a centroid---centroid distance of
3.494 A are observed between the triazine core of one o-
H,tpat™ ligand and the pyridine ring of next one. The
coordination chain structure in 2 is positively charged. Charge
compensation is achieved through one further nitrate counter-
anion per formula. Multiform hydrogen-bonding interactions
are observed between the nitrate counteranion and the
coordination chain and a further lattice methanol molecule
(N/O--0, 2.707(7)—3.042(7) A, Figure S6, Supporting
Information, and Table 4). Extensive packing reveals that the
coordination chains communicate with each other through a
sequence of hydrogen-bonding interactions that form from the
ligated methanol molecules in one chain to the lattice methanol
molecules and following to the coordinated nitrato ligands in
the next chain (Opethanor*O 2.672(10)—2.775(8)
A, Figure 6b and Table 4).

methanol/nitratos

Ligand Conformation. The free o-Hjtpat ligand exhibits
two different macroscopic crystal shapes arose from different
crystallization conditions, which directly refer to the ligand
conformations. In order to get more information about the
ligand conformations, electronic structure calculations based on
the all-amino tautomeric form I and form II of the o-Hjtpat
ligand (conformers A and B) and, in comparison, the all-imino
resonative tautomer (conformer C) are therefore made.
B3LYP/6-31G** theory level optimized geometries in the
ground state are shown in Figure 7 and the selected bond
distances and angles are reported in Table S2, Supporting
Information. As calculations, the optimized all-amino tauto-
meric conformers A and B exhibits more negative value of
minima stabilization energy than that showed by the all-imino
tautomeric conformer C, indicating that the all-amino form of
the o-Hjtpat ligand is the thermodynamic stable tautomer. In
addition, for the two all-amino resonative structures, conformer
B is relatively stable compared with conformer A. However, the
energy difference among the three conformers is very small
(<0.211 eV); therefore, it is reasonable that they are easily
interconverted with each other in the solution state, even under
mild conditions, as observed in the room temperature proton
NMR spectrum showing broadened peak signals (Figure S1,
Supporting Information).

On the other hand, the designed tripodal ligand in both 1
and 2 serves as a monoanion, o-H,tpat™, which shows a
propeller-configured all-imino resonative structure in 1 and a
syn—anti-configured amino—imino—imino resonative structure
in 2. These results significantly indicate that the o-Hjtpat ligand
seems to prefer all-amino tautomeric conformations in the free
ligand, as the computational results, and then it would
interconvert into an imino-based resonative structure upon
both electronic and geometric isomerization when complex-
ating with metal ions. In the literature, there are also metal—
organic architectures exhibiting ligand tautomerism upon
coordination/chelation of a metal ion.>> However, for such
an aminotriazine-derived ligand with distinctively resonative
structure, the effects of the solvents (the polarity and the
hydrogen bond ability etc.) and the anions become more
noticeable in dominating conformational preferences of the
ligand, leading to a variety of coordination networks.***?
Additionally, the position of the pyridine-N donors seems to
have a profound effect upon ligand tautomerism. In our
previous work,?* the coordination chemistry of the 2,4,6-tris(3-
picolylamino)-1,3,5-triazine (m-Hjtpat) ligand, a positional
isomer of o-Hjtpat, with Cu(Il) and Co(Il) ions has been
studied. Within the structures, the m-Hjtpat ligand adopts an
asymmetric-configured all-amino tautomeric conformation that
is comparable with those showed by o-Hjtpat in 1 and 2. This
difference is reasonably attributed to the fact that the out-of-
ring nitrogens in o-Hjtpat prefer to bind metal ions together
with the 2-pyridine N donors but do not with the 3-pyridine N
donors in m-Hstpat. The chelating preference in coordination
for o-Hjtpat might facilitate the occurrence of prototropic
tautomerism, as observed in 1 and 2.

Thermal Properties. Thermogravimetric (TG) analyses of
1 and 2 were performed under a nitrogen atmosphere in
examining the thermal stabilities of those compounds (Figure
S8, Supporting Information). The TG curve of 1 reveals that
the lattice solvent molecules (MeOH and CH,Cl,) were lost
between room temperature and 61 °C (found 6.6%, calcd. 6.9%
for [CuyCls(o-Hytpat)(H,0)]-'/,MeOH-'/,CH,Cl,), coordi-
nated aqua ligands were released between 158—180 °C (found
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(b)

Figure 6. (a) Representation of the one-dimensional cationic belt-like coordination-chain structure in 2. Carbon-bound hydrogen atoms, nitrate
counteranions, and lattice methanol molecules are omitted for clarity. (b) Part of packing in 2 viewed down the crystallographic ¢ axis, showing the
heart-like hydrogen bonding nets formed between the coordination-chain and the lattice methanol molecules. Color scheme: cyan, Cu; red, O; blue,

N; gray, C; yellow, H.

HF = =3553.077 eV HF = -33553.081 eV HF = -3552.870 eV
all-amino tautomeric all-amino tautomeric all-imino tautomeric
conformer A conformer B conformer C

Figure 7. B3LYP/6-31G** optimized geometries of the all-amino (conformers A and B) and the all-imino (conformer C) tautomers of the o-Hstpat
ligand.

2.8%, calcd. 2.1%), and the solvent-free coordination-motif 11.2%). This is followed by a small amount of weight loss
decomposed when the temperature was raised to approaching between 156 and 165 °C, which corresponds to the loss of the
210 °C. For 2, the TG trace exhibits a gradual weight loss ligating water and methanol molecules (found 6.1%, calcd.
between room temperature and 156 °C, corresponding to the 5.9%). This agrees well with the X-ray crystallographic data.
release of lattice methanol molecules (found 11.6%, calcd. However, an abrupt weight loss occurs between 165—169 °C,

12367 dx.doi.org/10.1021/ic3016854 | Inorg. Chem. 2012, 51, 12360—12371
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indicating the decomposition of the solvent-free coordination-
motif.

Magnetic Properties. Magnetic susceptibility data of a
powdered sample of 1 was collected in the temperature range
of 2—300 K (Figure 8). The experimental y\T value of 3.25
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Figure 8. Plots of y,,°™ (open circles) and y T (open squares) versus
temperature for 1. The solid line is the best fit of the experimental data
to the theoretical model.

cm® K mol ™" at 300 K is higher than the spin-only value of 2.25
cm® K mol™ for a Cu(Il)4 system with g = 2. The yy,T value
decreases to 1.32 cm® K mol™" as the temperature reaches 2 K,
suggesting antiferromagnetic coupling is operative between the
Cu(II) centers.

In the magnetic point of view, 1 is considered as repeated
chains composed of infinite {Cu¢Cl;,} units (Scheme 2). Two

Scheme 2. 1 Considered As Repeated Chains Composed of
Infinite {Cu,Cl,,} Units

$a
Cu““\‘“ngu
S| Sy

Cu centers are linked by two CI™ bridges to give a Cu,Cl,
square having a Cu--Cu distance of 3.661 A. The Cu,Cl,
square is further connected to two Cu centers via two CI~
bridges to construct a stairway structure for which a distance of
4211 A between the outer and inner Cu sites is recorded. Two
additional distant Cu centers are located at positions with the
closest contact of 7.362 A. Therefore, the hexanuclear unit can
be further decomposed to one {Cu(Il),Cls} and two
magnetically isolated {Cu(II)CL} subunits. The reduced
magnetization study shows at 2 K it is saturated at ~2.3 Ny
under 7 T, which suggests spin ground state (Sy = 1) and g =
2.3 (Figure S9, Supporting Information). The result is
consistent with the magnetic model in which an overall spin
ground state is a combination of one singlet of the tetranuclear
unit and two noninteracting doublets of the Cu(Il) sites.

b: Cu4 Cu(s.0.)

A= T

The 4] Hamiltonian is derived for the centrosymmetric Cu,
system where ], and ], describe the nearest neighbor
interactions between the outer and the inner centers, and two
inner spins, respectively. J; is the coupling parameter for two
next-nearest neighbor spins. J, describes the exchange constant
between two outer spins. S; (S;’) and S, (S,’) represent the
spins of the outer and inner Cu centers. Here, the g-factor is

treated as a global parameter for simplicity.”*
H= _2]1(51'52 + 51/'52/) - 2]2(52'52/)
= 2(SS, + 8/-S,) = 2J,(8,S)")

The best fit to the theoretical expression corresponds to g =
233,2]; = =56 cm Y, 2], = —=8.6 cm ! and 2J; = —4.1 cm™*
with J, held to zero. The agreement factor (R), which is defined
as 0™ — ™)/ Z(r®™)? is 9.8 X 1075 If interchain
interactions (zJ') are considered,® the experimental data fitted
to the modified expression give g = 2.33,2]; = =52 em ™}, 2], =
—85cmand 2J; =52 cm™, zJ' =02 cm™!, and R = 9.1 X
107° with J, held to zero.

IS = a,/ (1= 2 5, /NG ug)

The weak interaction between two Cu centers is explained by
the asymmetric CI” bridges. For the inner Cu, units, the
distances of Cul—CI2 and Cul’—CI2 are 2.267(2) and
2.723(2) A, respectively. For the inner/outer dimers, they are
2.278(2) and 2.770(2) A for Cul—CIl and Cu3-Cll,
respectively. The long Cu---Cu distances also diminish overlap
between the centers: 3.661 and 4.211 A for Cul—Cul’ and
Cul—Cu3, respectively. It has been suggested that the Cu—X—
Cu angle (®) plays a major role on the magnetic interaction.>®
The larger angles of ZCu—CI—Cu than 90° for both the inner
Cu, (93.92°) and the inner/outer (112.66°) pairs suggest the
presence of the antiferromagnetic coupling.

It has been noted that the exchange constant (J) in the
related systems shows a relationship with the @ /R parameter, R
being the longer Cu—Cl distance. For the central Cu, unit, the
®/R value of 34.49°/A refers to ~ —5 cm™" derived from the
plot of 2] as a function of ®/R. It is closely matched with the
fitted result (2], = —8.6 cm™'). A value of ~—80 cm™’ is
expected for the inner/outer Cu, pair according to the ®/R
ratio of 40.67°/A. The fitted result of —5.6 cm™ for 2J; in
contrast shows the significant deviation. The weaker
communication between Cu(1) and Cu(3) is rationalized by
the coordination sites of the CI™. The bridging CI” is situated at
the apical position of these Cu(II) centers, which would shut
down the antiferromagnetic mechanism to be in favor of
ferromagnetic interactions if an angle of 90° is obtained. The
Cu(3) site has a distorted square pyramidal geometry (7 =
0.18). The Cu(l) site possesses a (4 + 1) coordination
geometry that is intermediate between capped tetrahedral and
square pyramidal (z = 0.38). In combination with the large
angle of Cu—Cl—Cu, the distorted coordination geometry
allows exchange of the d,’_> spins to occur in some degree,
resulting in the weak antiferromagnetic interaction.

The same sign of three ] parameters causes the terminal
centers to be magnetically frustrated with the next-nearest
neighbor centers.”” The inner Cu spins align in the antiparallel
configuration to each other. They are, in addition, anti-
ferromagnetic coupled to the outer centers. The approximately
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same magnitude of J; and J;, but smaller than J,, leads to the up
spin at the terminal position and is energetically degenerated
with the down spin. Consequently, it results in the singlet
ground state for the Cu, unit (Scheme 3).

Scheme 3. Cu, Unit

3006

Magnetic susceptibility data of a powdered sample of 2 was
collected in the temperature range of 2—300 K (Figure 9). The
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Figure 9. Plots of yy (open circles) and yT (open squares) versus
temperature for 2. The solid line is the best fit of the experimental data
to the theoretical model.

experimental yT value of 1.37 cm® K mol™" at 300 K is greater
than the spin-only value of 0.75 c¢m® K mol™' for a
noninteracting Cu, system and slightly greater than the
theoretical value of 1.00 cm® K mol™ for a § = 1 system
wherein the g value is set to 2 for both. The yy,T value
decreases as a function of the temperature to 0.94 cm® K mol™
at 2 K. It reveals that the Cu(II) centers are antiferromagneti-
cally interacted to reach a triplet spin ground state in 2.

In the structure, each Cu center is intra- and intermolecularly
coordinated by 2 to 3 N sites of the ligands to form 1-D chains
that consist of belt-like structures with respect to the metal
cores (Figure 10). The shortest distance between Cu(II)
centers is 6.069 A, followed by 7.417, 7.446, and 8.540 A. The
longest distance within a Cu, square plane is 9.535 A from two
diagonal Cu sites. The magnetic data of 2 is treated as an

Figure 10. Schematic drawing of the magnetic interactions within 2.
The solid lines indicate the interactions between the S = 1/2 spins and
their corresponding distances are 6.069 (black), 7.417 (blue), 7.446
(cyan), 8.540 (green), and 9.535 (red) A.

infinite chain that composes of Cu, units antiferromagnetically
coupled. No observable zero-field splitting is recorded in the
reduced magnetization data. The triplet spin ground state is
derived from the high-field and low-temperature measurement
(Figure S10, Supporting Information).

The Hamiltonian for the isotropic antiferromagnetic chain is
described as followed: H = Y. (=2JS:S;,,).>" Here, the g-
factor is treated as a global parameter for simplicity. The best fit
to the theoretical expression corresponds to 2J; = —0.2 cm™!
and g = 2.03. The agreement factor (R) is 7.3 X 107°. The
results suggest that the monoanionic o-Hjtpat™ ligand is not a
good spin mediator in the magnetic point of view. All spins are
practically magnetic insulated.

B CONCLUSION

In summary, the synthesis and X-ray characterization of a new
aminotriazine-derived polypyridyl ligand, o-Hstpat, and two
copper(Il)-based coordination polymers have been described.
It is evidenced that slightly modifying the crystallization
conditions can lead to different ligand conformations for o-
Hjtpat in the solid state due to its distinctively resonative
structure upon both electronic and geometric isomerization.
On the other hand, the tripodal ligand in both the two
copper(1l)-based coordination chain structures appears to be a
monoanionic form of o-H,tpat™, which adopts a propeller-
configured all-imino resonative structure in 1 and a syn—anti-
configured amino—imino—imino resonative structure in 2.
These results agree that the varied conformers of the resonative
o-Hjtpat ligand can interconvert with each other through a
possible prototropic tautomerism in the solution state and,
consequently, self-adjusts its conformation to adapt a change in
the self-assembly system in facilitating the formation of the
most stable crystalline products. Magnetic studies reveal that
every two Cu centers are antiferromagnetically coupled via the
chloride bridges in 1. The largest interaction occurs to the
Cu,Cl, subunits wherein two metal sites are of the shortest
distance. For 2, very weak antiferromagnetic interactions are
observed between the Cu centers. Since the copper sites are
coordinated to 1 or 2 o-H,tpat™ ligands within both
coordination polymers, it is indicated by the weak magnetic
interactions that the o-Hjtpat™ ligand is a poor spin mediator.
We anticipate that the use of the tripodal aminotriazine-derived
polypyridyl ligands with resonative structures as smart starting
material may provide a new approach for accessing metal—
organic networks or supramolecular complexes with novel
fascinating structural patterns and also unexpected properties
and/or functions, therefore, giving a new insight into the
coordination chemistry. Future work is currently ongoing in
this laboratory.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data in CIF format, possible config-
uration isomers of the N-substituted secondary aminotriazine
derivatives, NMR spectra, and MALDI-TOF mass spectrum of
o-Hjtpat, additional structure diagrams, theory calculation
results, TG analyses, and additional magnetic studies. These
material are available free of charge via the Internet at http://
pubs.acs.org.
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