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ABSTRACT: The self-assembly of two novel metallosupramolecular N A
complexes of the general formulas [L,M,(CH;CN),][BF,], (M = {E}_}'\%@Z}
Co, 1a; M = Nj, 1b), where L stands for the tetradentate ligand 3,5- us}':;f) ww
bis[4-(2,2'-dipyridylamino)phenylacetylenyl]toluene, is reported to- {:} {}
gether with their molecular structures ascertained by single-crystal £ {i

X-ray diffraction studies. Complexes 1a and 1b are isostructural and
show the formation of dinuclear meso-helicates with the two octa-

hedral metal centers displaying respectively A and A configurations. y 4 ::L y-4 “C‘ R &
These meso-helicates display large nanocavities with metal---metal i’} ’(: o ,JQ;QW L_l .:‘\‘ loea
separation distance of >2 nm; furthermore, 7—n-stacking occurs _;L'\. { /L{ ,|7/!~(“~-\ rFae
among individual units to form one-dimensional (1D) polymers which {_}_X_(' D S 'h“'/h“‘x/'x[/’ -

further autoassemble in another direction through z—z contacts  ~ #% N
among neighboring chains to generate a two-dimensional (2D) network
with regular nanocavities. Our approach might be of interest to prepare metal—organic nanotubes via a bottom-up strategy
depending on the assembling functional ligand and the geometry of molecular building block.

B INTRODUCTION

furthermore they show n—7 stacking among individual units,

Coordination-driven self-assembly has become an adequate tool ;V?tmh gelcllerate a og;}clhmenswn.alt(lDz . chain of hehc.atg_s..dThei
to construct discrete nanoscopic metallosupramolecular species ah gr un erﬁées erd.ﬂ' T '1n elr achions amonlg H? livi ud
with predetermined shapes, geometries, and symmetries.l_16 chains providing a two-dimensiona (2D) network wit arge

. . ities. This bottom- h hold ise for th
Directional metal—ligand bonds, a consequence of preferred Ci? ;erztion li)f ;eg{l_?r) aanpirc)rcl)laectworl(:s Sdep 223:16 :)); thz
coordination environments of the metal ions in combination I; diiious choice of the geomet of the mglecularg buildin
with the appropriate rigid ligand, allow a certain control of the ) 8 Y . 'S

. V. . block and the assembling functional ligand. The magnetic
supramolecular architecture which is thermodynamically more ies of th d also i ioated. Overall
stable than the starting components or any kinetically formed properties of these compounds were also investigated. Over
; " 8 p ‘ Y ‘Y these helicates with large cavities might show interesting
intermediates. Among the most aesthetically appealing metal- lications for chemical f . thi fined caviti
losupramolecular architectures resulting from the self-assembly applications for chemical transformation within confined cavities.

. 17-24
process are helicates. Such compounds have been the focus

of intense investigations. For instance Albrecht, Raymond, and
co-workers demonstrated the influence of the ligand shape and
the geometry of the metal ions as well as host—guest interaction
are important factors that determine whether a helicate or a meso-
helicate will be formed.”>~*’

In this paper we describe the design and synthesis of a novel
rigid tetradentate ligand L displaying two dipyridylamino-phenyl-
acetylenyl groups attached at the meta-positions of a central
arene. Thus ligand 3,5-bis-[4-(2,2'-dipyridylamino)phenyl-
acetylenylJtoluene (L) when combined with MCl,-6H,0 (M =
Co, Ni) provides two novel dinuclear meso-helicates where each
metal center adopts opposite configuration whether A or A. The
molecular structure of both meso-helicates were determined and
showed that they display large cavities more than 2 nm,
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B GENERAL EXPERIMENTAL PROCEDURES

All solvents used were reagent grade or better. Commercially available
reagents were used as received. All experimental manipulations were
carried out under argon using Schlenk techniques. IR spectra were
recorded on a Bruker Tensor 27 equipped with a Harrick ATR.
Elemental analyses were performed by microanalytical service of ICSN
at Gif-sur-Yvette on a Perkin-Elmer 2400 apparatus. NMR experiments
were carried out on a Bruker Avance 300 MHz spectrometer operating
at 300 K with chemical shifts referenced to residual solvent peaks.
Chemical shifts are reported on parts per million (ppm) and coupling
constant (J) in hertz (Hz). Standard abreviations indicating multiplicity
were used as follows: m = multiplet, t = triplet, d = doublet, s = singlet,

Received: July 4, 2013
Published: October 30, 2013

dx.doi.org/10.1021/ic4017195 | Inorg. Chem. 2013, 52, 13042—13047


pubs.acs.org/IC

Inorganic Chemistry

b = broad. Magnetic measurements in direct current (dc) mode were
performed on a Quantum Design MPMS SQUID on polycrystalline
samples restrained in a plastic film. Data were corrected for the
diamagnetism contributions of the samples using Pascal constants. The
sample holder diamagnetism was measured and subtracted from the raw
data.

Synthesis of 4-(2,2'-Dipyridylamino)-phenyl lodide. 2,2’-Dipyri-
dylamine (2,05 g, 12 mmol), 1,4-diiodobenzene (7,92 g, 24 mmol),
cesium carbonate (1,20 g ; 14,40 mmol), o-phenanthroline (0,43 g,
2,40 mmol), and copper(I) iodide (0.17 g, 0,88 mmol) were placed in a
100 mL round-bottom flask. To the solid mixture 6 mL of dimethyl-
formamide (DMF) was added, and the reaction flask was heated to
160 °C and stirred for 24 h. After the reaction mixture was cooled, water
and dichloromethane were used to dissolve solids. The organic fractions
were dried over anhydrous MgSO,, and the product was isolated by
using a chromatographic column of alumina neutral on hexane as eluent
prior to removing the excess of reactant and then hexane/chloroform
(1:1) as eluent to give the product as white crystals (3,9 g, 87% yield). IR
(ATR): (v, cm™) 1586, 1485, 1467, 1427, 1328, 1270, 1153, 1099,
1053, 1007, 990, 824, 769, 735, 714, 647, 615, 532, 509, 438, 412, 393,
326, 307, 236. '"H NMR (300 MHz, CDCl;) § 8.33 (dd, J = 0.60,
6.00 Hz, 2H), 7.69 (d, ] = 9.00 Hz, 2H), 7.59 (m, 2H), 7.01 (d, ] = 9.00
Hz, 2H), 6.97 (m, 2H), 6.95 (d, J = 9.00 Hz, 2H); 3C NMR (75 MHz,
CDCL,) 6 157.7, 148.6, 144.8, 138.6, 137.7, 128.8, 118.6, 117.1, 89.5;
Anal. Caled for C;H,,IN;: C 51.49, H 3.24. Found: C 51.40, H 3.26.

Synthesis of 3,5-Bis[4-(2,2’-dipyridylamino)phenylacetylenyl]-
toluene (L). Under an argon atmosphere Cul (0.011 g, 0.06 mmol)
and Pd(PPh;),Cl, (0.020 g, 0.03 mmol), followed by 3,5-diethynyl-
toluene (0.050 g, 0.28 mmol), were added to a solution of 4-(2,2'-
Dipyridylamino)-phenyl iodide (0.116 g, 0.57 mmol) in 15 mL of a
freshly distilled tetrahydrofuran (THF) and 15 mL of freshly distilled
triethylamine. The resulting brown solution was stirred at room
temperature for 24 h then diluted with ethylacetate (S0 mL) and
vigorously stirred with aqueous EDTA/NH,OH (100 mL, IM) for 1 h.
The resulting organic phase was washed with saturated aqueous NH,CI
(50 mL), water (50 mL), NaCl (50 mL), and dried with anhydrous
MgSO,. The solvent was removed under vacuum to give a reddish solid
which was further purified by column chromatography of alumina
neutral to give the tetradentate ligand L as a pale yellow solid (0.823 g,
72%). IR (ATR): (v, cm™) 2206, 1582, 166, 1506, 1462, 1424, 1319,
1266, 1210, 1180, 1149, 1100, 1048, 1017, 990, 940, 860, 830, 770, 737,
700, 685, 657, 617, 601, 582, 537, S04, 460, 408, 379, 246. 'H NMR
(300 MHz, CDCL,):5 8.37 (dd, 4H), 7.61 (m, 4H), 7.58 (m, 4H), 7.51
(1H, s) 7.50 (d, 4H), 7.30 (s, 2H), 7.14 (d, 4H), 7.01 (d, 4H), 6.96
(m, 4H), 2.35 (s, 3H); 3C NMR (75 MHz, CDCl,) § 157.9, 148.7,
145.1,138.2, 137.7,132.9,132.0, 131.7, 126.3, 123.5, 119.7, 118.7, 117.5,
89.5, 88.8, 21.1. ES-MS (m/z): [LH]*: 631.3; found: 631.4, [LH,]*":
316.1; found: 316.3; Anal. Calcd for C,H;Ng: C 81.80, H 4.75.
Found: C 80.90, H 4.99.

Synthesis of [Co,L,(CH;CN),] [BF,], (1a). To a solution of L
(22,08 mg; 0,035 mmol) in 4 mL of THF, was added 4 mL of a solution
of Co(BF,),-6H,0 (7,95 mg; 0,0233 mmol) in 4 mL of EtOH under
nitrogen atmosphere. The solution color becomes yellow and then a

pale yellow suspension was formed. The reaction mixture was heated at
65 °C for 2 h then cooled at room temperature before removing the
solvent under reduced pressure. The resulting crude was dissolved in 6
mL of acetonitrile and recrystallized from CH;CN/ether through vapor
diffusion affording yellow-orange crystals of la (50.2 mg, 93%). IR
(ATR): (v, cm™) 1055 (B—F); ES-MS (m/z): [Co,L,F;]*: 1436.4;
found: 1436,4 [Co,L,F,]*": 708.7; found: 708.3; [Co,L,(CH,CN),]*:
365.1; found: 365.3; [Co,L,(CH,CN)]*: 354.9; found: 355.0;
[Co,L,]*: 344.6; found: 344.8.

Synthesis of [Ni,L,(CH;CN),] [BF,]; (1b). To a solution of
L (22,08 mg; 0,035 mmol) in 4 mL of THF was added 4 mL of a solution
of Ni(BF,),-6H,0 (11,91 mg; 0,035 mmol) in 4 mL of EtOH under
nitrogen atmosphere. The solution color becomes pale yellow and then
evolved to a light blue suspension. The reaction mixture was heated at
65 °C for 2 h and then cooled at room temperature before removing the
solvent under reduced pressure. The resulting crude was dissolved in
6 mL of acetonitrile and recrystallized from CH3;CN/ether through
vapor diffusion affording violet crystals of 1b (49 mg, 91%). IR (ATR):
(v, ecm™) 1057 (B—F); ES-MS (m/z): [Ni,L,F;]*: 1434.4; found:
1434,3 [Ni,L,F,]**: 708.2; found: 708.2; [Ni,L,(CH,CN),]*": 385.1;
found: 385.0.

X-ray Crystal Structure Determination of [Co,L,(CH3;CN),]
[BF,14 (1a) and [Ni,L,(CHsCN),] [BF,], (1b). A single crystal of each
compound was selected, mounted onto a cryoloop, and transferred in a
cold nitrogen gas stream. Intensity data were collected with a BRUKER
Kappa-APEXII with graphite-monochromated Mo—Ka radiation
(1 = 071073 A). Data collection was performed with APEX2 suite
(BRUKER). Unit-cell parameters refinement, integration, and data
reduction were carried out with Bruker-SAINT program. SADABS
(BRUKER) was used for multiscan absorption corrections.

In the WinGX*° suite of programs, the structures were solved with
Sir92>! or Superflip> and refined by full-matrix least-squares methods
using SHELXL-97.%® Almost all non-hydrogen atoms were refined
anisotropically. A model of disorder was introduced for one of the BF4™~
anions and for a molecule of acetonitrile, the atoms of these moieties
being the ones refined isotropically. H atoms were placed at calculated
positions.

CCDC 945768, 945769 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

B RESULTS AND DISCUSSIONS

Preparation of 3,5-Bis[4-(2,2’-dipyridylamino)phenyl-
acetylenyl]toluene (L) and Characterization. The bis(dipyri-
dylaminophenylethynyl)toluene ligand L was synthesized in two
steps: the first step involved the reaction of 1,4-diiodobenzene
with dipyridylamine in DMF under reflux and in the presence of
Cul to give after reaction workup 4-(2,2'-Dipyridylamino)-phenyl
iodide as a white microcrystalline substance in 87% yield.”® In a
second step the latter was treated with 3,5-diethynyl-toluene

Scheme 1. Synthesis of L
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following a Pd/Cu catalyzed Sonogashira coupling reaction to
give the target tetradentate ligand 3,5-Bis[-(2,2’-dipyridylamino)-
phenylacetylenylJtoluene after reaction workup. The novel
ligand L was obtained as off-white microcrystalline solid in
72% yield (Scheme 1) and was fully characterized by NMR
spectroscopy and infrared technique. Microanalytical data were
also in accord with the proposed formula (see experimental section).

Coordination Chemistry of L and Formation of the
Meso-Helicates 1a and 1b. The advantage of our ligand L
resides in its rigidity, highly 7-extended system, and the presence
of two dipyridylamino groups available to strongly coordinate
two metal centers to generate metallo-surpramolecular assem-
blies with large cavities. The presence of the specific func-
tionalities promotes extensive 7—n interactions,® ~>* which
might help to control the overall assembly in the hopes to obtain
a metal—organic nanotube. It is surprising that metal—organic
nanotubes remain largely unexplored®™>® and in contrast to
carbon based nanotubes and organic nanotubes which are well
investigated.**~*

To this end we treated ligand L with 2 equiv of CoBF,-6H,0 in
EtOH/THF mixture for 2 h at 65 °C. Then the solvent was
removed and the residue was recrystallized from CH;CN/Et,O
to give yellow-orange crystals of 1a in good yield. The electro-
spray (ES) mass spectrum was in accord with the proposed
formula. The infrared spectrum revealed the presence of the
alkyne —C=C-— stretching bands at 2202—2214 cm™" higher
than that observed for the free ligand at 2206 cm™; furthermore
a large band is visible centered at 1085 cm™" attributed to the
BE,” counterion.

To elucidate the molecular identity of 1a, a suitable crystal for
X-ray molecular structure study was carried out. Table 1 contains
the crystal data for 1a. Complex 1la crystallizes in the triclinic

Table 1. Crystal Data for 1a and 1b

la 1b
CCDC reference 945768 945769
chemical formula Ci04Hg7B4Co,F 4Ny, C1o4Hg/B4F 14N, Ni,
formula weight 2096.05 2095.60
V4 1 1
T (K) 200(2) 200(2)
wavelength (&) 0.71073 0.71073
crystal system triclinic triclinic
space group P1 P1
a(A) 12.2124(5) 12.2211(5)
b (A) 12.2837(4) 12.3191(3)
¢ (A) 20.3129(8) 20.3835(8)
a (deg) 80.283(2) 79.794(2)
B (deg) 82.214(2) 82.135(2)
7 (deg) 61.529(1) 61.101(1)
volume (A%) 2634.92(17) 2639.46(18)
density calculated (g cm™) 1.321 1.318

crystal size (mm)

absorption coefficient
(mm™)

0.20 X 0.09 X 0.09
0.400

0.13 X 0.15 X 0.18
0.441

6 range 2.0-26.5 1.9-26.1

reflections collected/unique ~ 36418/10893 32696/10395

final R indices [I > 26(I)] R, =0.0683 R, = 0.0642
wR, = 0.1950 wR, = 0.1908

final R indices [all data] R, =0.1056 R, =0.0882
wR, = 0.2235 wR, = 0.2099

GOF on P 1.042 1.053

AFmin and AFmax (e A%) 1.651 and —0.645 0.89 and —050

space group P1 and confirms the formation of a meso-helicate
with the formula [L,Co,(CH;CN),][BF,],. A view of the
cationic part of the complex and selected bond distances and
angles are shown in Figure 1.

The structure shows indeed that two rigid tetradentate ligands
are chelating two cobalt centers; further each metal center is
coordinated by two acetonitrile molecules which complement
the distorted octahedral geometry of the cobalt with Co---N
bond distances falling in the range of 2.080 A to 2.160 A in accord
to those reported in the literature for cobalt complexes with 2, 2'-
dipyridyl amino ligand.*> The two metal centers have opposite
configurations A and A respectively as expected for a meso-
helicate. The two metal centers are far away by 2.179 nm, while
the two facing central arenes are distal by 0.949 nm, to give a large
nanocavity containing one molecule of acetonitrile. The BF,
counterions are located outside the cavity. Further examination
of the packing revealed important information; thus the metallo-
supramolecular species undergoes a strong 7—7 interaction (d =
3.32 A) among individual units via the central arene to give a 1D
chain of meso-helicates (Figure 2a). We also note that this 1D
chain shows another 7—7 contact (dyyenge = 3.66 A) with a
neighbor chain which occurs between the alkyne unit —-C=C—
and the phenyl group of the phenyldiamine moiety to generate a
2D network containing large cavities (Figure 2c). In fact since the
neighbor chains are offset by 7.44 A, (distance between the two
methyl groups of the central arene) it was not possible to form
the desired metal—organic nanotubes.

We then examined the reaction of our tetradentate L with
Ni(BF,),6H,0 to probe the effect of the metal ion on the
formation of the metallosupramolecular assembly. The reaction
was carried in a similar manner to the one described for the
Co(BF,),-6H,0. Upon recrystallization from CH;CN/Et,0O
violet crystals of 1b were obtained. The spectroscopic data of 1b
was similar to that obtained for la. After many attempts
gratifyingly we were able to obtain crystals of 1b convenient for
X-ray structural determination.

The structure shows indeed the formation of a dinuclear meso-
helicate of the formula [L,Ni,(CH,CN),][BF,], (1b) and
similar to the results obtained for 1a. A view of the molecule of 1b
is shown in Figure 3. In this metallosupramolecular species two
tetradentate ligands L hold the two Ni(II) metal centers.
Furthermore two-coordinated acetonitriles are disposed in the
equatorial positions and complement the distorted octahedral
geometry around the metal center. The Ni---N bond distances
range from 2.038 to 2.114 A and are comparable to those
reported for Ni(II) complexes displaying 2,2'-dipyridyl
amine ligand.** As expected the two metals display opposite
configuration A and A respectively. The two metal centers are
separated by 2.174 nm while the two facing central arene units
are at 0.950 nm and form a nanocavity which hosts one molecule
of acetonitrile. These data are comparable to those obtained for
la. The four counterions are located outside the cavity.
Examining the packing of 1b showed similar results to that of
1a, such as that these meso-helicates undergo two types of 7—x
stacking to generate a 2D network containing large cavities.

Because of the rigid and 7-conjugation nature of our
tetradentate ligand L, we examined the magnetic properties of
both compounds 1a—b (vide infra).

Magnetic Properties of Complexes 1a, b. The magnetic
behavior of 1a and 1b was investigated in the temperature range
2—300 K on polycrystalline samples in an applied field of
2500 Oe. The temperature dependences of y T product vs T are
shown in Figures 4 and § for 1a and 1b, respectively.
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Figure 1. Views of the cationic part of meso-helicate 1a. (a) Side view showing A and A configurations of the metal centers. (b) Top view showing the
large cavity; anions and solvent molecules are omitted for clarity. Selected bond distances (A) and angles (deg): Co(1)—N(1) =2.141(3), Co(1)—N(2)
=2.169(3), Co(1)=N(4) = 2.076(3), Co(1)=N(5) = 2.093(3), Co(1)—N(7) = 2.130(3), Co(1)=N(8) = 2.126(3), N(1)—Co(1)-N(2) = 85.74(12),
N(4)—Co(1)-N(5) = 82.91(12), N(5)—Co(1)—N(7) = 90.15(13), N(8)—Co(1)-N1 = 87.54(13), N(8)—Co(1)—N(7) = 86.91(14), N(5)—
Co(1)—N(8) = 94.87(12), N(7)—Co(1)—N1 = 92.53(13).

.
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Figure 2. (a) 1D chain of meso-helicates 1a formed by 7—x interaction between central arene. (b) 7—7 stacking between neighbor chains showing the
offset trend (only one meso-helicate of each chain is shown). (c) Overall generated 2D network with regular cavities.

For la yTis equal to 6.4 cm® mol ™' K at 300 K close to the at 2 K. The y),T values and the shape of the curve do not show
typical value for two isolated Co™ ions. Upon cooling, the y T any evidence of exchange interaction between the two Co ions
product steadily decreases to reach a value of 3.7 cm® mol ™! K suggesting that the magnetic behavior can be modeled with
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Figure 3. View of the cationic part of meso-helicate 1b with atom numbering system. (a) Side view showing A and A configurations of the metal centers.
(b) Top view showing large cavity; anions and solvent molecules are omitted for clarity. Selected bond distances (A) and angles (deg): Ni(1)—N(1) =
2.101(3), Ni(1)—N(2) = 2.114(3), Ni(1)—N(4) = 2.038(3), Ni(1)—N(S5) = 2.053(3), Ni(1)—N(7) = 2.102(3), Ni(1)—N(8) = 2.090(3), N(1)—
Ni(1)—N(2) =86.40(11), N(4)—Ni(1)—N(5) = 84.48(11), N(5)—Ni(1)—N(7) = 89.06(12), N(8)—Ni(1)—N(1) = 87.13(11), N(8)—Ni(1)—N(7) =
87.72(12), N(5)—Ni(1)—N(8) = 94.48(11), N(7)—Ni(1)—N(1) = 92.45(12).
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Figure 4. Experimental (open circle) and calculated (solid line)
temperature dependence of yT for 1a.

two independent Co ions. The spin Hamiltonian for the Co
. . 45
ions is

Hg, = —30A/2 LS + A(L* — 2/3)
+ pH(—3aL/2 + g 8)

Where 4 is spin—orbit coupling constant, and « is the orbital
reduction factor arising from the covalent character of the
metal—ligand bond. A is the energy gap between the singlet
*A, and doublet ‘E levels arising from the splitting of the
4T1g ground state under an axial distortion. The last term
represents the Zeeman interaction. In this Hamiltonian the
—3/2 coeflicient is a scaling factor coming from the T &
P isomorphism.*> The least-squares fit of the experimental
data using a full diagonalization of the Hamiltonian matrix led
to a=0.80, A= —123. cm™, A=-652. cm™.** Introduction of an
exchange interaction term between the Co ions in the
Hamiltonian does not lead to significative improvement of
the quality of the fit showing that the interaction between the
two Co ions is extremely weak.
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Figure 5. Experimental (open circle) and calculated (solid line)
temperature dependence of yyT for 1b.

For 1b yT value is constant and equal to 2.5 cm® mol™ K in
the 300—50 K temperature range. Below 50 K y\T product
decreases to reach a value of 1.9 cm® mol™' K at 2K. The Curie
law observed above 50 K clearly shows that the interaction
between the Ni ions is extremely weak. The decrease at low
temperature could be due to zero field splitting (ZFS) on Ni ions
or to exchange interaction between the Ni ions. Owing to the
large distance between the two Ni ions the magnetic data has
been modeled with only ZFS on Ni using the following spin
Hamiltonian

Hy, = gBHS + D[S,” — S(S + 1)/3]

The least-squares fit of the experimental data led to g = 2.22,
D=36cm™.

As for the Co compound the magnetic data does not show
any evidence of exchange interaction. In summary, both com-
pounds magnetically behave as a monomer in spite of their
binuclear structure, and there is no evidence of any coupling
by a spin polarization mechanism through the meta-phenylene
linl<age.46_49
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B CONCLUDING REMARKS

In this paper, we reported the synthesis of a rigid angular
tetradentate ligand L displaying a 7-extended system with two
dipyridylamino groups available to strongly coordinate two metal
centers generating metallo-surpramolecular assemblies with
large cavities. Indeed when L was treated with MX,-6H,0 salts
(M = Co, Ni; X = BE,), two meso-helicates [L,M,(CH;CN),]-
[BF,], (1a, 1b) were formed. The X-ray molecular structure of
either 1a or 1b confirmed the formation of a meso-helicate with a
large cavity and metal—metal separation distances of >2 nm.
These coordination assemblies undergo 7—n stacking in two
different directions to generate 2D networks. The magnetic
properties of these compounds were investigated and showed
that magnetically the metal centers behave as monomers. Our
tuture efforts will be devoted to study the coordination properties
of this angular rigid ligand with other building blocks of different
geometry in the hopes to prepare metal—organic nanotubes via a
bottom-up strategy.
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