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The reaction of Zn(NO3),*6H,0 or Cu(NOs),-3H,0 with the star-shaped ligand 2,4,6-tris(di-2-picolylamino)[1,3,5]-
triazine (dipicatriz) in acetonitrile results in the formation of the mono- or trinuclear coordination compounds [Zn-
(dipicatriz)(NOs)] (1), [Zns(dipicatriz)(NOs)s](CHsCN)z (2), and [Cus(dipicatriz)(NOs)o(H20)6](NOs)s (3), depending
on the metal-to-ligand ratios used during the crystallization process. Their crystal structures exhibit unique
supramolecular interactions. Compounds 1 and 2 show anion—z interactions between coordinated nitrate ions and
the s-triazine ring. Compound 3 exhibits remarkable interactions between two noncoordinated nitrate anions and
the two faces of the electron-deficient heteroaromatic ring, corroborating earlier theoretical investigations in this
area. New theoretical investigations have been carried out on nitrate—s interactions, taking into account the particular
position of the anion toward the aromatic ring observed in the crystal structures.

Introduction involving noncovalent interactions is a rising topic of
supramolecular chemistfy Anion recognition is a very
important process in biochemical systems since more than
70% of substrates and cofactors are negatively charged.
Accordingly, the preparation of synthetic anionic receptors
may lead to potential medicinal and biological applicatidns.
The common strategy to design anion host materials is
principally based on two different approaches: (1) the anion
receptor is positively charged and can thus bind a negatively
charged entity?11(2) the anion chelating ligand is a Lewis
acid!?13Lately, an alternative to the aforementioned methods
has arisen from theoretical investigations on arian
interactionst* Several research groups have clearly demon-

The interactions withr aromatic clouds play an important
role in biological system&.Thus, face-to-facer-stacking
interactions between the aryl rings of nucleobase pairs help
to stabilize the DNA double helik.Cation—s interactions
are commonly found in Nature, where they are significant
contributors to the structure and function of biomoleciites.
On the contrary, the concept of anien interactions is much
less intuitive, since this type of interaction between an
electron donor and & aromatic cloud is expected to be
repulsive>® However, the development of anion hosts
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strated that an anion could interact with an electron-deficient Chart 1. 2,4,6-Tris(di-2-picolylamino)[1,3,5]triazine

aromatic ring. All computational calculations indicate ener- S
getically favorable noncovalent interactions between a nega- N~

tive ion and electron-poor aromatic systems such as fluo- Ne~n N
robenzene derivativé8; !’ s-triazine®!® and s-tetraziné® g § | N
derivatives, and tetrafluoroethe®eSuch binding properties JN'\ /N

were first established in the early 1990s by NMR stuéhe¥, ‘ YT N7 ONTON

but the first crystallographic evidence of it was reported in N S | NS
200425 N~ =

Recently, we have undertaken research investigations on
coordination compounds involvirgtriazine-based N-donor
ligands. 1,3,5-Triazine derivatives have certainly found  General Procedures DipicatriZZ was prepared under argon by
tremendous applications in the field of supramolecular a literature method. All other reagents were purchased from
chemistry, where the heteroaromatic ring is implicated in commercial sources and used without further purification. Elemental
crucial supramolecular interactions, i.e., hydrogen bonds and/analyses (C, H, and N) were performed with a Perkin-Eimer 2400

Experimental Section

or 7 interactions®

analyzer. FTIR spectra were recorded with a Perkin-Elmer Paragon
1000 FTIR spectrophotometer, equipped with a Golden Gate ATR

To take advantage of these special properties of the triazinedevice’ using the reflectance technique (46800 cnr?). Ligand-

ring, a series of polydentate ligands have been prepared,
according to a straightforward synthetic pathway starting
from cyanuric chloride, i.e., 2,4,6-trichloro-1,3,5-triaziiie,
and the physical or structural properties of their metal
complexes have been studids!

In the present study, the first coordination compounds of
the star-shaped 2,4,6-tris(di-2-picolylamino)[1,3,5]triazine
ligand (dipicatriz; Chart 2 are reported. Reaction of zinc-
(1) or copper(ll) nitrate with the ligand dipicatriz in
acetonitrile leads to the formation of mono- or trinuclear

field spectra were obtained on a Perkin-Elmer Lambda 900
spectrophotometer using the diffuse reflectance technique, with
MgO as a reference, over the range 26@00 nm at room
temperature.

Preparation of [Zn(dipicatriz)(NO 3);] (1). A solution of Zn-
(NO3),:6H,0 (0.044 g, 0.15 mmol) in acetonitrile (10 mL) was
added dropwise to a solution of dipicatriz (0.100 g, 0.149 mmol)
in acetonitrile (10 mL). The resulting reaction mixture was warmed
to 50 °C and stirred for 5 min. The solution was subsequently
filtered, and the filtrate was left unperturbed for the slow evaporation
of the solvent. After 4 days, colorless crystals suitable for X-ray

metal complexes depending on the metal:ligand ratio as well diffraction were obtained. Yield: 75% (97 mg). Anal. Calcd for

as the experimental conditions used during the crystallization 4
process. As expected, these coordination compounds featur%l

the anticipated noncovalent aniem interactions.
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CsgH36N1406Z0: C, 54.33; H, 4.21; N, 22.74. Found: C, 53.85; H,
33; N, 21.54. Main IR absorption bands fbfcm=1): 2974(m),
2(w), 1542(m), 1472(s), 1278(s), 1168(m), 1021(m), 768(m),
652(w), 424(m).

Preparation of [Zn (dipicatriz)(NO 3)s](CH3CN)3 (2). A solu-
tion of Zn(NG;),:6H,O (0.133 g, 0.447 mmol) in acetonitrile (10
mL) was added dropwise to a stirred solution of dipicatriz (0.100
g, 0.149 mmol) in acetonitrile (10 mL). After a few minutes at 50
°C, the resulting light yellow solution was filtered with paper, and
the filtrate was left unperturbed for the slow evaporation of the
solvent. After 3 days, colorless rectangular single crystals suitable
for X-ray crystallography were obtained. Yield: 78% (158 mg).
Anal. Calcd for GsHsN21016Zn3: C, 39.62; H, 3.32; N, 21.56.
Found: C, 38.72; H, 2.89; N, 20.89. Main IR absorption bands for
2 (cm™1): 2989(m), 1594(w), 1564(m), 1468(s), 1281(s), 1174-
(m), 1022(m), 752(s), 621(m), 420(m).

Preparation of [Cus(dipicatriz)(NO 3)2(H20)e](NO3)s (3). A
solution of Cu(NQ@)2*3H,0 (0.108 g, 0.447 mmol) in acetonitrile
(10 mL) was added dropwise to a solution of dipicatriz (0.100 g,
0.149 mmol) in acetonitrile (10 mL). After 5 min at 5@, the
resulting solution was filtered and left unperturbed to allow the
slow evaporation of the solvent. After 4 days, dark blue crystals
suitable for X-ray crystallography were obtained. Yield: 82% (164
mg). Anal. Calcd for GoH4sCwsN;0,4: C, 34.86; H, 3.60; N, 18.77.
Found: C, 36.25; H, 4.35; N, 18.25. Main IR absorption bands for
3 (cm™1): 3480(br s), 3122(w), 2990(w), 1613(w), 1582(m), 1545-
(m), 1441(m), 1372(s) 1368(s), 1286(s), 1162(m), 1026(m), 768-
(s), 593(w), 423(m). UV-vis (reflectance, nm): 268 (shoulder),
351, 723 (br), 993 (br), 1124 (shoulder).

X-ray Crystallographic Analysis and Data Collection. Crystal-
lographic data and refinement details are given in Table 1. Intensity
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Table 1. Crystallographic Data and Refinement Details 1613

1 2 3
empirical formula GoH3eN1406ZN CagH36N18018ZN3-3(CH3N) CagH1gN1401,Ce-4(NOs)
fw 862.19 1364.13 1343.57
cryst syst triclinic triclinic monoclinic
space group P1 (No. 2) P1 (No. 2) P2;/n (No.14)
alA 11.6307(1) 13.0972(2) 13.476(5)

b/A 13.2620(2) 15.1275(3) 25.455(5)

c/A 13.9744(2) 16.6703(3) 16.537(5)

pldeg 103.975(1) 108.237(1) 101.635(5)
VIA3 2007.93(5) 2958.71(9) 5556(3)

z 2 2 4

Dd/(g cn3d) 1.426 1.531 1.606

F(000) 892 1392 2748

w/mm™1 0.677 1.293 1.235

cryst dimens/mrh 0.18x 0.15x 0.10 0.25x 0.13x 0.10 0.15x 0.16x 0.30
temp/K 293(2) 150(2) 293(2)
Ominmaldeg 5.3,27.5 2.6,27.5 1.5,27.0

no. of refins collected 17059 22415 23959

no. of independent refins 906B{; = 0.0173) 13341Rin: = 0.042) 10342Rint = 0.0186)
R12[F, > 40(Fo)] 0.0605 0.0486 0.0548

wR22 0.1951 0.1260 0.1310
Apminmale A3 —0.55,1.92 —0.52,1.23 —0.48,0.77

S2 1.06 1.06 1.12

aR1=Y||Fo| — |Fcll/3|Fol, WR2 = [SW(Fo2 ~ F2)2/TWF*]Y2. b Goodness-of-fiS = [SW(Fo2 ~ Fc2)2/(n — p)]¥2, wheren is the number of reflections
andp the number of parameters.

data for single crystals ofi—3 were collected using Mo & graphics were performed with the PARST97 progtaand the
radiation ¢ = 0.71073 A) on a Nonius Kappa CCD diffractometer PLATON packagé®

with an area detector at 293(2) K ftrand 150(2) K for2 and on Computational Methods. The calculations of the triazire

a Bruker AXS Smart 1000 single-crystal diffractometer equipped nitrate interactions, as well as the geometry optimizations on the
with a CCD area detector at 293(2) K f8r The structures ol 1:1 and 2:1 systems, have been carried out at the HF and MP2
and 2 were solved by direct methods implemented in SHEIXS- levels34°as implemented in Gaussiantjsing both the 6-31+4-G

97%2 and refined by a full-matrix least-squares procedure based onand the 6-313+G(3df,p) basis sets. No frozen core approximation
Fo? using SHELXL-97%% The data reduction fo was performed was used for the atoms’ core electrons. Default optimization
using the SAINP4 and SADABS® programs. The structure was  procedures were used, and symmetry was disabled in all calcula-
solved by direct methods using the SIR97 progi%and refined tions. The geometries of the isolated nitrate and 1,3,5-triazine
on F¢2 by full-matrix least-squares procedures using the SHELXL- molecules were optimized at the MP2/6-311G** level and then used
97 progrant® All the non-hydrogen atoms were refined with ~as such when the potential energy surface was scanned for selected
anisotropic atomic displacements, with the exclusion of the four NOs /triazine distances. The basis set superposition error (B8SE)
noncoordinated nitrate groups. The hydrogen atoms were includedwas corrected in all calculations with the method of Sifiicas

in the refinement at idealized geometries{€ = 0.95 A) and implemented in Gaussian03. Calculations have been carried out on
refined “riding” on the corresponding parent atoms. The weighting @ IBM SP5/512 supercomputer at CINECA.

scheme used in the last cycle of refinement was: 1/[0?F2 +
(0.120P)2 + 1.1414), w = 1/[0%F 2 + (0.0454)2 + 4.3176],
andw = 1/[o°F? + (0.048%) + 5.925%] (whereP = (Fo* + University: Utrecht, The Netherlands, 2003.
2FA)/3) for 1, 2, and 3, respectively. All calculations foB were (39) Mgller, C.; Plesset, MPhys. Re. 1934 618-622.

performed with a DIGITAL Alpha Station 255 computer. CCDC-  (40) 1456;%%%@3&3'\/'-2 Pople, J. A.; Frisch, M.Chem. Phys. Let1988
615090 (), -615091 g), and -2893903) contain the supplementary (41) Frisch, M. J.; .Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

crystallographic data for this paper. These data can be obtained M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
fri f char: WWW. .cam.ac. nts/retrieving.html (or from K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,

eeorcha ge at cedc.ca f"‘c uk/conts/retrieving.ht . (orfro V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
the Cambridge Crystallographic Data Centre, 12 Union Rd., A.: Nakatsuji, H.; Hada, M.: Ehara, M.; Toyota, K.: Fukuda, R.;
Cambridge CB2 1EZ, U.K., fax+44-1223/336-033, e-mail Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
deposit@ccdc.cam.ac.uk). Geometric calculations and molecular

(37) Nardelli, M.J. Appl. Crystallogr.1996 29, 296—300.
(38) Spek, A. LPLATON A Multi-Purpose Crystallographic TopUtrecht

H.; Klene, M,; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B,;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
(35) Sheldrick, G. MSADABS Area-Detector Absorption Correcti@D3; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.

University of Gdtingen: Gitingen, Germany, 1999. Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
(36) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco- (42) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553-566.

vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, (43) Simon, S.; Duran, M.; Dannenberg, JJJChem. Phys1996 105

R.J. Appl. Crystallogr.1999 32, 115-119. 11024-11031.

(32) Sheldrick, G. MSHELXS97. Program for Crystal Structure Solution
University of Gdtingen: Gitingen, Germany, 1997.

(33) Sheldrick, G. MSHELXL97. Program for Crystal Structure Refine-
ment University of Gdtingen: Gitingen, Germany, 1997.

(34) SAINT, Software Users Guide6.0; Bruker Analytical X-ray Sys-
tems: Madison, WI, 1999.
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Table 2. Selected Bond Distances (A) far3

compdl compd2 compd3

Zn-N@3) 2.042(3) Zn(1¥N(5) 2.527(3) Cu(1yN(4) 2.007(5)
Zn-N(4) 2.041(3) Zn(1}N(7) 2.013(3) Cu(1yO(1) 2.082(3)
Zn—N(5) 2.480(2) Zn(1}N(8) 2.009(3) Cu(1}O(lw) 2.100(4)
Zn-0(11) 2.427(3) Zn(BO(l) 2.082(2) Cu(1yN(5)  1.940(5)
Zn-0(12) 2.140(3) Zn(1}O(4) 2.075(3) Cu(1yN(6)  1.968(5)
Zn-0(21) 2.081(3) Zn(B-O(5) 2.453(3) Cu(}O(2) 2.540(4)
Zn-0(22) 2.516(3) Zn(2YN(9) 1.987(3) Cu(2XN(8) 2.002(3)
Zn(2)-N(10) 2.001(3) Cu(ZyN(9) 2.007(4)

Zn(2)-0(7) 2.062(2) Cu(2yO(2w) 1.997(5)

Zn(2)-0(10) 2.075(2) Cu(2YO(3w) 1.984(3)

Zn(2)-0(11) 2.457(3) Cu(2IN(7)  2.605(7)

Zn(3)-N(11) 2.067(3) Cu(2yO(4w) 2.341(6)

Zn(3)-N(12) 2.066(3) Cu(3yN(11) 2.035(4)

Zn(3)-0(13) 1.996(2) Cu(3yN(12) 2.001(5)

Zn(3)-0(16) 2.531(3) Cu(3YO(5w) 1.977(3)

Zn(3)-0(17) 1.984(2) Cu(3YO(6w) 2.003(5)

Cu(3-N(10) 2.512(7)

Cu(3-0(4)  2.435(6)

Results and Discussion Figure 1. ORTEP drawing (30% probability level) df Hydrogen atoms

Synthesis of 3. Compoundsl—3 were obtained by have been omitted for clarity.

treatment of the metal nitrate with the ligand dipicatriz in nitrato ligand, which also induces the distortion of the
acetonitrile at room temperature. The molecular structures pentagonal bipyramid geometry. The pentagon is completed
and unusual supramolecular characteristick-€3 are shown by the semicoordinated atom N(5) at a distance close to 2.5
in Figures 1-6. The selected bond distances and bond anglesA. The in-plane angles vary from %0 86° (Table 3), away

of 1—3 are listed in Tables2 and 3. Details of the structures from the ideal angle of 72for a perfect pentagon. The axial

will be discussed below. angle N(3)-Zn—N(4) is also far from best with a value of
Structure of 1. 1 is obtained by reaction of Zn(Ng- 151.27(11).
6H,0 and the ligand dipicatriz in acetonitrile, in a 1:1 metal- ~ This coordination compound exhibits a very interesting

to-ligand ratio. The molecular structure bfalong with the feature, that is, the interaction between the oxygen atom
atom labeling scheme adopted, is illustrated in Figure 1. O(22) of the nitrate anion coordinated to the'Zmd therx
Selected bond lengths and angles are given in Tables 2 andtloud of the 1,3,5-triazine ring, with a short centrei®(22)
3, respectively. distance of 3.006(1) A and an angle of the centrof@(22)

The zinc atom is heptacoordinated by one dipicolylamine axis to the plane of 75.2(3]Figure 2). As mentioned above,
group from the ligand and two bidentate nitrate ions. This noncovalent anions interactions are quite uncommon and
heptacoordination can be best described as a distortechave only recently been investigatéd? The present com-
pentagonal bipyramf@ with the N(3) and N(4) pyridine  pound illustrates the possibility to have interaction between
nitrogen atoms occupying the axial positions at normal a nitrate oxygen atom and an electron-poor aromatic ring.
distances (Table 2). The plane is defined by four oxygen Structure of 2. Reaction of 3 equiv of Zn(Ng€),:6H,O
atoms from two nitrate anions and the amine nitrogen atom in acetonitrile with 1 equiv of dipicatriz yields an expected
N(5) connected to the triazine ring. The oxygens O(12) and trinuclear complex. A molecular plot of the crystal structure
0O(21) are located at normal distances from the metal center,of 2 without the lattice acetonitrile molecules is shown in
while the Zn-0(11) and Zr-O(22) bond lengths are rather Figure 3, and the interatomic distances and angles relevant
long, namely, about 2.5 A (Table 2). This semicoordination to the zinc coordination spheres are given in Tables 2 and
is most likely due to the small bite angle of the bidentate 3, respectively. The trinuclear complex consists of one

Table 3. Selected Angles (deg) fdr—3

compdl compd2 compd3

N(5)—Zn—0(22) 86.28(8) N(5)Zn(1)—0O(5) 89.84(9) N(43Cu(1)-N(6) 81.8(2)
0(22)-Zn—0(21) 54.66(9) O(5)yZn(1)—0(4) 56.10(10) N(4)Cu(1)-N(5) 84.3(2)
0(21)-Zn—0(12) 81.96(10) O(4yZn(1)-0(1) 83.62(11) N(5)Cu(1)y-0(1) 95.8(1)
0(12)-Zn—0(11) 54.87(12) O(}Zn(1)—N(5) 130.45(10) N(6)Cu(1)-0(1) 94.2(1)
O(11)y-Zn—N(5) 83.60(10) N(7)»Zn(1)—N(8) 149.41(11) O(2yCu(1)y-0(1W) 153.2(1)
N(3)—Zn—N(4) 151.27(11) N(9)Zn(2)—N(10) 147.71(12) N(8}Cu(2)—-N(9) 94.9(1)
N(10)—-Zn(2)—0(10) 102.49(11) N(9)Cu(2)-0(3w) 86.7(1)

O(10)-Zn(2)—N(9) 104.62(11) N(9)—Cu(2)-0(2w) 87.5(1)

O(7)-Zn(2)-0(11) 141.93(10) O(2w)—Cu(2)—N(8) 90.2(1)
N(12)—Zn(3)—0(13) 90.81(11) N(7)—Cu(2)-0O(4w) 166.5(1)

O(13)-Zn(3)—0(17) 131.15(10) N(11)—Cu(3)-N(12) 94.0(1)

O(17y2Zn(3)—N(12) 115.34(11) N(12)—Cu(3)-0O(5w) 91.6(1)

N(11)—Zn(3)—0(16) 148.88(12) O(5w)—Cu(3-0O(6w) 86.3(1)

O(6w)—Cu(3-N(11) 88.0(1)
N(10)—Cu(3)-0(4) 167.0(1)
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Figure 4. Oxygen-ux interactions in2 between two coordinated nitrate
anions and the two faces of tkédriazine ring. Centroiet-O(5) = 3.097(2)
A, and triazine planecentroid-O(5) axis= 76.14(3). Centroid--O(11)
= 3.515(1) A, and triazine planecentroid-O(11) axis= 68.15(3}.

amine N(5) atom [Zn(£rN(5) bond length of 2.527(3) A].
Figure 2. Oxygen—x interaction inl between the coordinated nitrate anion ~ The zinc center Zn(2) is in a distorted trigonal bipyramid
and thg&triazine rir_lg. Centroig-O(22)= 3.006(1) A, and triazine plare coordination environment (= 0.75, wherer is 0 and 1 for
centroid-0O(22) axis= 75.2(3J. . . . .

the perfect square pyramidal and trigonal bipyramidal
geometries, respectivel§).The basal plane of the trigonal
bipyramid around the Zn(2) ion is made up of the nitrogen
atoms N(9) and N(10) of two pyridine rings and the oxygen
atom O(10) of a bidentate anion. The axial positions are
occupied by the oxygen atoms O(7) and O(11) of two nitrate
counterions. The in-plane angles vary from 108 148
(Table 3), away from the ideal angle of T2for a perfect
trigonal bipyramid geometry.

The third zinc ion is pentacoordinated, with aQ§ donor
set. The geometry around the Zn(3) ion is a distorted
tetrahedron, if the long Zn(3)0O(16) bond [2.531(3) A] of
the semicoordinated oxygen atom of the bidentate nitrate is
not considered to describe its coordination sphere. The
tetrahedral MO, set is thus formed by two pyridine nitrogen
atoms, N(11) and N(12), from one dipicolylamine unit of
the ligand and two oxygen atoms O(13) and O(17) from two
nitrate anions. The angles within the tetrahedron vary from
91° to 115, illustrating once more the distortion owing to
the semicoordination of the oxygen O(16) of the bidentate

hexacoordinated zinc ion, Zn(1), and two pentacoordinated hitrate which exhibits a small bite angle of 55.62(11)
zinc ions with a closely related coordination environment, ~ Similarly to 1, this trinuclear zinc(ll) complex shows
Zn(2) and Zn(3) (see Figure 3). Zn(1) is in a highly distorted €vidence of aniofiz interactions. Thus, the oxygen atom
octahedral environment with the oxygen atoms O(1), O(4), O(5) of the bidentate nitrate anion coordinated to Zn(1) once
and O(5) from two coordinated nitrate anions in the basal again strongly interacts with the electron-deficient aromatic
plane which is completed by the semicoordinated nitrogen fing. The distance centroidO(5) is 3.097(2) A, and the
atom N(5) from the ligand. The axial positions are occupied angle of the centroid-O(5) axis to the plane amounts to
by the nitrogen atoms N(7) and N(8) from a dipicolylamino 76.14(3} (Figure 4). In addition, a second nitrate anion
unit of the ligand dipicatriz (at distances of about 2 A). The amazingly interacts with the same triazine unit. Indeed, the
angles in the basal plane range fron? 56 130, reflecting ~ 0Xygen atom O(11) is located on top of the other face of the
the strong distortion generated by the bidentate binding modearomatic ring, with a longer centroidO(11) distance of
of one of the nitrate anions and the semicoordination of the 3.515(1) A and a smaller angle of the centrei®(11) axis
to the triazine plane of 68.15(3)Figure 4). This result
(44) CINECA: Consorzio Interuniversitario per il Calcolo Automatico  represents one of the first examgfesf two anions interact-
dell'ltalia Nord Orientale, v. M., 40033 Casalecchio di Reno (Bo), ing with one aromatic ring. In fact, all theoretical investiga-

Figure 3. ORTEP drawing (30% probability level) @ Hydrogen atoms
and acetonitrile molecules have been omitted for clarity.

Italy.

(45) Arranz-Mascaros, P.; Lopez-Garzon, R.; Gutierrez-Valero, M. D.;
Godino-Salido, M. L.; Moreno, J. Minorg. Chim. Acta200Q 304, (46) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.
137-143. C.J. Chem. Soc., Dalton Tran$984 1349-1356.
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Figure 5. ORTEP drawing (30% probability level) & Hydrogen atoms
and noncoordinated nitrate anions have been omitted for clarity.

tions performed so far have been devoted to the potential

interaction of one anion with one electron-poor aromatic
host!® Recently, computational calculations on possible
interactions of one anion with two or threesystems have
been carried ou but the interactions between two anions
and oner cloud have not yet been investigated.

In the present example, one can logically consider that

the nitrate-triazine interactions are facilitated by the fact

that these two anions are bonded to the metal centers, forcin

the anion-z contacts (this is also true for compley.
However, the preparation of the copper compkxcor-
roborates the statements made above.

Structure of 3. Indeed, the reaction of 3 equiv of Cu-
(NOs)2-3H,0 in acetonitrile with 1 equiv of dipicatriz also
yields a trinuclear complex which exhibits unusual supramo-
lecular interactions. The molecular structuretonsists
of three CU ions coordinated by one nonadentate dipicatriz
ligand (Figure 5). The three copper ions show differes®N
octahedral environments, with one [Cu(1)], two [Cu(3)], or
three [Cu(2)] water molecules coordinated to the metal
centers.

The octahedral pD; coordination sphere around Cu(1) is
very distorted, most likely as a result of the bidentate binding
mode of the nitrate ion with one long €® bond (Table
2). The equatorial plane is formed by the tertiary amine
nitrogen atom N(4), the oxygen atom O(1) from a bidentate
nitrate, and the nitrogen atoms N(5) and N(6) from two
pyridine rings at normal distances (Table 2). The axial
positions are occupied by the oxygen atom O(1w) from a
water molecule and by the other oxygen atom O(2) of the
bidentate nitrate ion. The in-plamés angles around the Cu-
(2) ion vary from 81.8(2) to 95.8(1) (Table 3). The axial
O(1w)—Cu(1)-0O(2) angle of 153.2(2)is indicative of a
significant distortion from a regular octahedral geometry.

(47) Schottel, B. L.; Chifotides, H.; Shatruk, M.; Chouai, A’;rés L.
M.; Bacsa, J.; Dunbar, K. Rl. Am. Chem. So2006 128 5895-
5912

(48) Garau, C.; Quinonero, D.; Frontera, A.; Ballester, P.; Costa, A.; Deya,
P. M. J. Phys. Chem. 2005 109, 9341-9345.
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Also the coordination sphere around the second copper
ion Cu(2) is rather distorted. The equatorial plane around
the Cu(2) ion is formed by twais located nitrogen atoms,
N(8) and N(9), from two pyridine groups belonging to one
dipicolyamine unit of the ligand. The other two positions
are occupied by the oxygen atoms O(2w) and O(3w) from
two water molecules (Figure 5). The axial positions are
occupied by the oxygen atom O(4w) of a third water
molecule at a relatively long distance (Table 2) and by a
weakly bound nitrogen N(7) atom; however, the long-Qu
distance still matches the range of bond lengths observed
for copper-nitrogen bonds along the Jakifeller axis? The
in-planecis angles vary in the range 86.7(194.9(1Y (Table
3). The angle N(7A-Cu(2)-0(4w), which should be equal
to 180 in the regular octahedron, is only 166.5(I9robably
due to the coordination constraint of the tridentate dipico-
lylamine moiety.

The basal plane around Cu(3) is formed by two nitrogen
atoms, N(11) and N(12), from a dipicolylamine group, and
two oxygen atoms, O(5w) and O(6w), from two water
molecules (Figure 5). The in-plane €N distances are in
the usual range, as well as the -©0 distances (Table 2).
The axial positions, along the Jahmeller axis, are occupied
by the oxygen atom O(4) from a nitrate and the tertiary amine
nitrogen donor N(10) at common distanéést The angles
around Cu(3) in the basal plane vary from 86.3(b)94.0-

(2)° (Table 3). Similarly to Cu(2), the axial angle, i.e., Of4)
Cu(3)-N(10), is equal to 167.0(1) indicating once again

Yhe distortion generated by the bite angle of the tridentate

dipicolylamine moiety [the angles N(18YCu(3)—N(11) and
N(10)—Cu(3)—N(12) are 75.0(F)and 76.3(1), respectively,
where they should be 9Gor a perfect octahedron].

The molecular structure &also exhibits the unusual and
remarkable ability of the triazine ring to interact with two
nitrate anions, which are, in the present case, not coordinated
to any metal ions (Figure 6). The oxygen atoms O(9) and
O(11) of the two negative ions are clearly on top of each
face of the electron-deficient aromatic moiety. The distance
centroid--O(9) is 3.202(1) A, and the angle of the centreid
0O(9) axis to the plane is equal to 65.%(ZJigure 6). The
second oxygen atom O(11) is at a longer distance, 3.502(5)
A, from the centroid, and the triazine planeentroid-0O(11)
axis is 68.0(2). In addition to this interaction, the spatial
orientation of the two nitrate groups is also influenced by a
network of hydrogen atoms involving the hydrogens of the
coordinated water molecules and the oxygens of the nitrate
ions. Although the hydrogens of these water molecules could
not be calculated or located in the difference Fourier map,
the presence of the hydrogen bonds is suggested by the
following short contacts: O(1w)-O(9) = 2.741(8) A,
O(5w)++0(9) = 2.683(8) A, O(2w):-O(11) = 2.644(6) A,
O(3w)--+O(10) = 2.646(7) A. The interaction between one

(49) Amoedo-Portela, A.; Carballo, R.; Casas, J. S.; Garcia-Martinez, E.;
Lago-Blanco, A. B.; Sanchez-Gonzalez, A.; Sordo, J.; Vazquez-Lopez,
E. M. Z. Anorg. Allg. Chem2005 631, 2241-2246.

(50) Comba, P.; de Laorden, C. L.; Pritzkow, Hely. Chim. Acta2005
88, 647-664.

(51) Beghidja, A.; Hallynek, S.; Welter, R.; Rabu,Bur. J. Inorg. Chem.
2005 662—-669.
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Figure 6. s interactions irB between the oxygen atoms of noncoordinated
nitrate anions and the two faces of the electron-deficient 1,3,5-triazine ring.
Centroid+-O(9) = 3.202(1) A, and triazine plarecentroid-0O(9) axis=
65.9(2). Centroid--O(11) = 3.502(5) A, and triazine planecentroid—
O(11) axis= 68.0(2y.

Figure 7. Optimized structure of the N complex with the 1,3,5-triazine
ring. Reprinted from ref 21. Copyright 2004 American Chemical Society.

nitrate ion and the-triazine ring has been favorably predicted
using computational methodsput the resulting optimized
structure shows a different structural arrangement (Figure
7). The nitrate plane is located parallel to the triazine ring,
and the nitrogen atom is axial on the centroid. The three
oxygen atoms are thus facing the carbon atoms of the
symmetric heterocycle at a-\centroid distance of 3.00 A.
The centroie--O(9) distance of 3.202(1) A, reported for the
present crystallographic example, is close to the calculated
values found for monatomic anions such as chloride or
bromidel®?152To consolidate the presence of an attractive
interaction in our complex, we have carried out ab initio
calculations on both the 1:1 and the 2:1 nitratiéazine

systems, analyzing the interaction energies between the

fragments as a function of the distané®andR' (see Figure

8). The geometry of each fragment was previously optimized
at the MP2/6-311G** level, while the orientation of the
nitrate groups with respect to the triazine ring was derived
from the crystal structure coordinates.

The interaction energies have been calculated with both
the HF and MP2 methods using the 6-3tG and
6-311++G(3df,p) basis sets, varying andR from 2.2 to
5.0 A (increment 0.2 A). The results are summarized in
Tables SI1 and SI2 (Supporting Information). The interaction
energies (corrected for BSSE) as a functiorRandR' for
the 1:1 and the 2:1 nitrateriazine systems are shown in
Figures 9 and 10, respectively. At the MP2/6-3H1G(3df,p)
level, the highest binding occurs Bt= 3.0 A for the 1:1
complex E = —22.38 kdJ/mol)and d®R=R =3.2A E=
—23.98 kJ/mol) for the 2:1 complex; this clearly shows the
presence of an attractive interaction between the fragment
atR andR' values close to those obtained from our crystal

(52) Garau, C.; Quinonero, D.; Frontera, A.; Ballester, P.; Costa, A.; Deya,
P. M. Org. Lett.2003 5, 2227-2229.

Figure 8. Geometries used for the calculations of the intermolecular
interactions in the 1:1 (left) and 2:1 (right) nitratiazine complexes. The
reciprocal spatial orientation of the fragments in the complex was derived
from the crystal structure (see also Figure 6); in the different calculations
the values oRandR have been varied from 2.2 to 5.0 A with an increment
of 0.2 A. In the case of the 2:1 systeR and R have been varied
symmetrically. Color code: N, blue; C, gray; H, white; O, red; centroid,
green.
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Figure 9. Calculated HF and MP2 interaction energies of the 1:1 nitrate

triazine system at different values Bf
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Figure 10. Calculated HF and MP2 interaction energies of the 2:1 nitrate
triazine system at different values Bf= R.

structure analysis. These attractive interactions contribute to
the spatial orientation of the nitrate groups, together with
the electrostatic forces between the charged species and with
the above cited hydrogen bonds involving the coordinated

Swater molecules. At this point, it has to be mentioned that

the interaction energies calculated for this peculiar position
of the nitrate pointing toward the aromatic ring through one
of its oxygen atoms, which is a priori unfavored, are
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A Oy -° B O, .° c ©° D © structure, the centroietoxygen distance and the energies are
again comparable.
; In addition to the single-point calculations of the interac-
: : i« tion energies of the 2:1 system at different valueRand
== N = R, we have also carried out a full geometry optimization at
NQ} @ N©N> Q« the MP2/6-31%+G level; the initial spatial orientation of
@ the fragments in the complex was as usual derived from the
crystal structure, starting frol = R = 2.6 A. In this case
/—N /N\ /—N /N\ a local minimum is found when the two ions are roughly 10
---N>--- ---,,---- ---N>--- ---.,---- A from the triazine ring, and the reciprocal orientation of
N N N \—N NN the fragments has changed dramatically. The discrepancy
(b) between this result and the result obtained when the only
Figure 11. Initial geometries used for the geometry optimization of the Optimized geometrical parameters &andR (see above)
T-shaped dimers: (a) side view, (b) top view (the nitrate is omitted for js a frequent problem in theoretical calculations for systems
Ics'ag;%wir;d only the plane passing through it and bisecting the triazine ring ;, \yhich the intermolecular interactions are weak. Indeed,
when a geometry optimization is performed with a frozen
geometry, allowing only theR and R distances to be
optimized, the forces decrease to a first situation of minimum
already at arR/R value of ca. 3.7 A. However, the flat
potential prevents a full convergence of the optimization,
and the method of obtaining interaction energies via single-
point calculations corrected by BSSE remains more accurate
Figure 12. Optimized triazine-nitrate structure deriving from the T-shaped and significant fo-r the scope of -the .present SIUdy'- .
system. The equilibrium oxygencentroid distance is 2.75 A, and the In summary, this COPper coordination g:ompound IS U”'ql{e
triazine plane-centroid-O axis is 86.21 Color code: N, blue; C, gray;  for two reasons: (1) it represents the first crystallographic
H, white; O, red; centroid, green. evidence of nitrates interactions; (2) it exhibits anion

) o m—anion interactions which are among the first examples
comparable to those determined for the optimized, more renqreq in the literature, both theoretically and crystallo-
rational nitrate position, parallel to the triazine, where the graphically.

oxygen atoms are facing the carbon atoms (Figuré! 7). )

Nevertheless, following a reviewer’s suggestion, we have €onclusions

also carried out geometry optimizations (first at the HF level ~ Anion coordination chemistry is an important and chal-
and then at the MP2 level using the 6-31-£G basis set) lenging topic of contemporary supramolecular chemistry,
of the 1:1 system starting from a T-shaped geometry of the since the design of efficient anion-sensing receptors would
dimer to search for another local energy minimum. Four be paramount for the preparation of new drugs. Several
different initial geometriesX, B, C, andD; see Figure 11)  theoretical investigations have clearly indicated that receptors
were chosen, in which the plane of the nitrate ion was always based on anioAs interactions are promising candidates for
kept perpendicular to the triazine ring. AnandB the nitrate the formation of anion-sensing receptors. These calculations
ion faces the heterocycle with one oxygen atom, whil€in  have also suggested that the electron-deficient 1,3,5-triazine
andD it faces the triazine moiety with two oxygen atoms ring is a potentially effective anion host. The present study
(Figure 11a, side view). IA andC the plane passing through  clearly supports these first computational predictions, both
the nitrate group bisects the triazine ring along theQ-H crystallographically and theoretically. These significant
direction, and irB andD it bisects two G-N bonds (Figure ~ experimental results thus strengthen the arierapproach
11b, top view). In all four cases, the geometry optimizations t0 synthesize neutral anion hesjuest systems, and other
lead to very similar final isoenergetic structures, which are triazine-based receptors are currently being investigated. In
thus all local minima on the potential energy surface (no Particular, the design and synthesis of compounds involving
imaginary frequencies). Since the difference in geometry Multiple anion-x interactions f—anion-s, for example)
among the resulting structures is negligible, only one of them @s Well as the selectivity of the host molecules toward
is reported in Figure 12. The nitrate ion is no longer different anions are now being explored.

perpendicular with respect to the triazine ring, but faces the  Acknowledgment. This work has been supported finan-
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Supporting Information Available: X-ray crystallographic data  material is available free of charge via the Internet at
for speciesl—3 (CIF) and summary of the HF and MP2 interaction http:/pubs.acs.org.
energies of the nitratetriazine systems (Tables SI1 and SI2). This 1C060101J
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