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The hexaazamacrocycle 1,4,7,10,13,16-hexaazacyclooctadecane, [18]ane-Ns, forms mono- and dinuclear derivatives
with copper chloride depending on the reaction stoichiometries and times. The mononuclear derivative, [Cu([18]-
ane-Ng)]Cl,-H,0, presents the macrocycle wrapped around the metal atom in a distorted octahedral coordinative
environment, while the dinuclear derivative, [Cu,([18]ane-Ng)Cl]Cl,-4H,0, is formed by a central Cu,Cl, core
surrounded by an almost planar macrocycle. The crystal structure of both derivatives is stabilized by a network of
hydrogen bonds involving the amine macrocyclic groups, the chloride anions, and the crystallization water molecules.
The copper atoms in the dinuclear derivative show a strong antiferromagnetic coupling, as expected for the crystal
structure parameters. A mononuclear nickel derivative has also been obtained from nickel nitrate by following the
same synthetic procedure. These compounds react with TCNQ salts with formation of two types of derivatives,
[M([18]ane-Ng)](TCNQ), and [M([18]ane-Ng)[(TCNQ)4, depending on the use of radical-anionic or mixed-valence
TCNQ salts in the reaction. The crystal structures of the nickel derivatives show that the former derivatives are
built up by macrocyclic metal cations surrounded by dimeric dianions (TCNQ),2~, either isolated or stacked along
the crystal. The derivative with four TCNQ units/formula consists of alternated chains of metallomacrocyclic cations
and stacked TCNQ anions. The crystal parameters suggest that every TCNQ holds approximately 0.5 electrons
and overlaps with a neighboring unit to form dimeric monoanions, (TCNQ),™.

Introduction cycles can be also protonated to form polyammonium cations
which give rise to strong interactions with aniohs.

The six-nitrogen-containing macrocycle 1,4,7,10,13,16-
hexaazacyclooctadecane, [18]ang-ban coordinate in an
octahedral way large metal ions such as mercur§@balt-

(1), 5 or chromium(l11)® The big size cavity of this macro-
cycle can also host two smaller metal ions as observed in
acetate and phosphate dicopper derivatives.

There is considerable interest in the chemistry of
polyazamacrocycles because of their ability to act as models
for molecular recognition in protein sitésLarge cyclic
polyamines, with six or more donor atoms, have the adequate
size and flexibility to form stable complexes by encapsulating
the metal ion in an octahedral environméfthese macro-
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Hexaazamacrocyclic Ni and Cu TCNQ Complexes

In the past years we have been interested in the study ofvacuum. Yield: 72%. Anal. Calcd forH3NgNiOg: C, 32.7; H,

the reactivity of TCNQ polynitrile radicals toward nickel and
copper macrocyclic complexes and in the determination of
the influence of the metal environment in the final supramo-
lecular structure. The two main factors involved are the metal
environment and the formal oxidation state of the TCNQ.
The former determines the ability of the metal atom to form
o bonds with the radical TCNQ, a fact usually observed when
the metal has free positions in their coordination environ-
ment? On the contrary, with fully coordinated metals the
supramolecular species formed show no direct bonding
interactions between the metal and the TCNThe TCNQ

6.7; N, 25.4. Found: C, 32.9; H, 6.3; N, 25.3. IR data (KBr,ém
3410 m, 3210 s, 2935 s, 2872 s, 1742 w, 1461 m, 1346 s, 1137 m,
1098 m, 1062 m, 1027 w, 1005 w, 958 s, 840 m, 652 w, 610 w,
512 w, 406 m.

[Cu([18]ane-N;)Cl,]Cl»4H,0 (2). To a solution of 0.34 g (2
mmol) of CuCk2H,0 in 15 mL of methanol was added 0.26 g (1
mmol) of [18]ane-N dissolved in 15 mL of methanol. After a few
minutes of stirring, a blue solid appeared which was filtered off,
washed with methanol and diethyl ether, and dried under vacuum.
Yield: 54%. Anal. Calcd for GH3zsClu.CwNgO4: C, 24.1; H, 6.4;

N, 14.0. Found: C, 24.4; H, 6.1; N, 14.2. IR data (KBr, T
3407 s, 3150 s, 2968 m, 2937 m, 2870 m, 1641 w, 1515 w, 1468

oxidation state also affects the supramolecular architecturem, 1454 m, 1439 m, 1373 w, 1343 w, 1331 w, 1316 w, 1297 w,

since the fully reduced radical TCNGhows higher coor-
dinative ability and tends to form diamagnetic dimers,
(TCNQ)?",2° while when TCNQ is partially reduced, a
greater delocalization along the formation of stacks and no
direct interaction with the metal are observés.

1255w, 1139 w, 1115 w, 1092 w, 1060 m, 1040 s, 1024 s, 945 m,
900 w, 845 w, 724 m, 651 m, 561 w, 511 w, 447 w.
[Cu([18]ane-N;)]CI»H 0 (3). A solution containing 0.26 g (1
mmol) of [18]ane-N in 15 mL of methanol was added over a
solution of 0.17 g (1 mmol) of Cu@RH,0 in 15 mL of methanol.
After 6 h of stirring, a blue solid, identified a8, appeared and

Surprisingly the degree of TCNQ reduction and then the s filtered off. The solution was cooled overnight, and the blue
delocalization seems to be regulated by the size of the metalcrystals which formed were filtered off and dried in air. Yield: 32%.

complex acting as counterion since the positive charges mustanal. Calcd for G,Hs,ClLCuNsO: C, 35.1: H, 7.9: N, 20.4.

be neutralized by the TCNQ stacks. Depending on the cation,

the equivalent volume in the stack is occupied by two, three,
or four TCNQ units; with a dipositive cation it means that
every TCNQ bears 1, 0.66, or 0.5 electrons, respectitely.

To check this fact with new examples, we have planned the

study of the derivatives formed by interaction of fully or
partially reduced TCNQ salts with complexes of nickel and
copper coordinated to the big size macrocycle [18]ape-N
The main results are reported in this work.

Experimental Section

All the reactions have been carried out under oxygen-free
nitrogen using the starting materials as purchased.

[Ni([18]ane-Ng)](NO3), (1). A solution containing 0.26 g (1
mmol) of [18]ane-N in 15 mL of methanol was added over a
solution of 0.29 g (1 mmol) of Ni(Ng»6H,O in 15 mL of
methanol. Afte 5 h of stirring, a pink solid appeared, which was
filtered off, washed with methanol and diethyl ether, and dried under

(7) Barker, J. E.; Liu, Yu; Martin, D. N.; Ren, T. Am. Chem. So2003
125 13332-13333.

(8) (a) Cornelissen, J. P.; Diemen, J. H.; Groenveld, L. R.; Hasnoot, J.
G.; Speck, A. L.; Reedijk, R. Jnorg. Chem1992 31, 198-202. (b)
Ballester, L.; Barral, M. C.; Gutieez, A.; Monge, A.; Perpian, M.

F.; Ruiz Valero, C.; SancheZ Rez, A.Inorg. Chem1994 33, 2142~
2146. (c) Kunkeler, P.; Koningsbruggen, P. J.; Cornelissen, J. P.; van
der Horst, A. N.; van del Kraan, A. M.; Spek, A. L.; Haasnoot, J. A,;
Reedijk, J.J. Am. Chem. S0d.996 118 2190-2197. (d) Ballester,

L.; Gutierrez, A.; Perpian, M. F.; Amador, U.; Azcondo, M. T.;
Sanchez-P€lez, A. E.; Bellitto, C.Inorg. Chem.1997 36, 6390—
6396. (e) Choi, H. J.; Myunghyun, P. Borg. Chem2003 42, 1151~
1157.

(9) (a) Azcondo, M. T.; Ballester, L.; Golhen, S.; Gutez, A.; Ouahab,
L.; Yartsev, S.; Delhaes, B. Mater. Chem1999 9, 1237-1244. (b)
Ballester, L.; Gil, A. M.; Gutierez, A.; Perpian, M. F.; Azcondo,
M. T.; Saachez-P€lez, A. E.; Coronado, E.; Goez-Garca, C. J.
Inorg. Chem.200Q 39, 2837-2842. (c) Alonso, C.; Ballester, L.;
Gutierrez, A.; Perpian, M. F.; Saachez, A. E.; Azcondo, M. TEur.

J. Inorg. Chem2005 486-495.

(10) (a) Ballester, L.; Gutieez, A.; Perpian, M. F.; Rico, S.; Azcondo,
M. T.; Bellitto, C. Inorg. Chem1999 38, 4430-4434. (b) Ballester,
L.; Gil, A. M.; Gutiérrez, A.; Perpian, M. F.; Azcondo, M. T.;
Sanchez-P€lez, A. E.; Marzin, C.; Tarrago, G.; Bellitto, Chem-—
Eur. J. 2002 8, 2539-2548.

Found: C, 35.5; H, 7.9; N, 20.6. IR data (KBr, chr 3490 s,
3405 m, 3160 s, 3110 s, 2936 s, 2870 m, 1612 m, 1470 s, 1454 m,
1420 m, 1373 w, 1346 m, 1308 w, 1255 w, 1142 w, 1100 s, 1082
w, 986 m, 937 m, 856 w, 790 m, 769 w, 460 m.

[Ni([18]ane-Ng)](TCNQ) (4). A solution containing 0.32 g (1.5

mmol) of LITCNQ in 15 mL of methanol was dropwise added over
a stirred solution containing 0.33 g (0.75 mmol)loin a mixture
of methanol (15 mL)/water (5 mL). After complete mixing, a blue
solid appeared, which was filtered off, washed with methanol, and
dried under vacuum. Yield: 67%. Anal. Calcd fogeB3gN14Ni:
C, 59.6; H, 5.3; N, 27.0. Found: C, 59.3; H, 5.0; N, 26.8. IR data
(KBr, cm™1): 3440 m, 3280 m, 2877 w, 2181 s, 2157 s, 1581 m,
1505 m, 1348 m, 1177 m, 988 w, 955 w, 822 w, 718 w, 541 w,
478 w.

[Cu([18]ane-Ng)[(TCNQ) (5). Compound5 was synthesized
by a procedure similar to that fe¥, using3 as starting material.
Yield: 45%. This compound has also been prepared by the
same procedure starting frotnand LITCNQ in a molar ratio 1:1
with a 31% yield. Anal. Calcd for H3sCuNy4: C, 59.2; H, 5.2;

N, 26.8. Found: C, 59.3; H, 5.0; N, 26.5. IR data (KBr, ¢
3201 m, 2944 w, 2186 s, 2176 s, 2161 m, 1583 m, 1505 m, 1432
w, 1365 m, 1348 m, 1179 m, 1092 w, 1027 w, 988 w, 825 w, 720
w, 479 w.

[Ni([18]ane-Ng)](TCNQ) 4 (6). A solution containing 0.66 g (1.3
mmol) of (NEgH)(TCNQ), in 20 mL of acetonitrile was dropwise
added over a stirred solution of 0.29 g (0.65 mmol} a@f a mixture
of methanol (15 mL)/water (5 mL). After complete mixing a dark
blue solid appeared, which was filtered off, washed with methanol,
and dried under vacuum. Yield: 51%. Anal. Calcd fogtigNoo-

Ni: C, 63.6; H, 4.1; N, 27.2. Found: C, 63.4; H, 4.1; N, 26.6. IR

data (KBr, cnt?): 3480 w, 3270 w, 2163 s, 1567 s, 1507 m, 1478
w, 1334 s, 1162 s, 1087 w, 949 m, 835 w, 789 w, 700 m, 609 w,
483 w.

[Cu([18]ane-Ng)(TCNQ) , (7). This compound was synthesized
from derivative3 by a procedure similar to that described for
6. Yield: 43%. Anal. Calcd for gHssCuN,,: C, 63.3; H, 4.1;

N, 27.1. Found: C, 62.8; H, 4.3; N, 27.1. IR data (KBr, ¢
3460 w, 3250 w, 2199 s, 2171 m, 1574 m, 1506 s, 1353 m,
1328 m, 1223 w, 1179 m, 1012 w, 990 w, 832 w, 799 w, 696 w,
483 w.
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Table 1. Crystallographic Data for Compoun@s-4 and 6

Ballester et al.

param 2 3 4 6
formula Q_zH 3gC|4CU2N 604 C12H 32C|2CU Nao C3aH 3gN 14Ni C60H46N22Ni
fw 599.36 410.88 725.51 1133.90
T (K) 296 293 293 160
cryst syst monoclinic monoclinic triclinic triclinic
space group (No.) C2/m(12) P2i/n (14) P1(2) P1(2)

a(h) 12.4550(14) 13.1690(12) 15.349(3) 8.805(2)
b (A) 15.6884(17) 9.3466(9) 15.598(3) 12.308(2)
c(R) 6.2507(7) 15.2323(14) 16.174(3) 13.052(3)
o (deg) 90 90 75.769(4) 78.04(3)

f (deg) 90.806(2) 97.627(2) 75.452(5) 86.39(3)
y (deg) 90 90 85.635(4) 76.43(3)

V (A3) 1221.3(2) 1858.3(3) 3632.6(11) 1345.0(5)
z 2 4 4 1

Pealed (g €M 3) 1.630 1.469 1.327 1.400

w (mm) 2.208 1.473 0.582 0.425

R12 0.0239 0.0432 0.0506 0.0578
WR2 0.0667 0.0960 0.1598 0.1787

aR1= 3||Fo| — [Fell/ZIFol. PWR2 = {S[W(F2 — FAA/Z[W(FA} Y2

Physical MeasurementsElemental analyses were carried out atoms were located from the Fourier map and refined riding on
by the Servicio de Microdhiais of the Universidad Complutense  the corresponding oxygen. The refinemengafffords high thermal
de Madrid. Infrared spectra were recorded as KBr pellets on a parameters for the majority of the carbon and nitrogen atoms giving
Nicolet Magna-550 FT-IR spectrophotometer. Electronic spectra final poor results; this fact should be related with the poor quality

were recorded using a Cary-5 spectrophotometer. The spectra Wergyt the starting data (R = 0.25). All the calculations were carried
recorded in the solid state. The solid samples were prepared byg + with the SHELX97 software packadi.

rubbering the sample on optical glass. Magnetic experiments were
made on polycrystalline samples using a SQUID magnetometer . .
MPMS-XL-5 manufactured by Quantum Design. The temperature Results and Discussion
dependence of the magnetization in the range between 2 and 300 ) )
K was recorded using a constant magnetic field of 0.5 T. The  The reaction of [18]ane-fwith CuCL-2H,0O affords two
experimental data have been corrected for the magnetization of thedifferent products,2 and 3, depending on the reaction
sample holder (gelatine) and for atomic diamagnetism as calculatedconditions. After immediate mixing of the reagents, the
from the known Pascal’s constants. Electrical conductivity measure- dinuclear derivative appears as a solid. When the reaction
ments at room temperature were performed by the two points is left stirring for a prolonged time, the mononuclear
method in pressed powdered samples. . o .
. . _ compound is formed. Compoun@ can be directly isolated
Crystallographic Studies.Good quality crystals o2—4 and6 . . . . .
in good yields using a 1:2 macrocycle to copper molar ratio

were obtained by slow diffusion of diluted solutions of the reactants. ; :
A summary of the fundamental crystal data is given in Table 1. @nd shortreaction times, but for compowe have always

For 2—4, the crystal data were collected in the “CAl de Difrdetio ~ Obtained different quantities ¢ as a byproduct; the best
de Rayos X, UCM". In all the cases a blue crystal was resin epoxy yields of the former were obtained using the conditions
coated and mounted on a Bruker Smart CCD diffractrometer using described in the Experimental Section. The reaction to get

graphite-monochromated Mo Kradiation ¢ = 0.71073 A)  the corresponding nickel derivative always lead to the
operating at 50 kV and 25 mA. Data were collected over a reciprocal mononuclear speciek due to the use of nitrate as anion

space hemisphere by combination of three exposure sets. Each framF h idaing li h he chlori
exposure time was 20 s covering Di8 w. The cell parameters ess prone to behave as a bridging ligand than the chloride.

were determined and refined by least-squares fit of all reflections NO pure compounds were isolated from the reaction between
collected. The first 50 frames were recollected at the end of the [18]ane-N and NiCL6H,0.

data collection to monitor crystal decay, and no appreciable decay These reagents react with TCNQ salts with displacement

was observed. Crystal data férwere collected at 160 K on a of the anions and formation of the corresponding TCN
KUMA KM4CCD diffractometer using graphite-monochromated ! : P Ing Q

Mo Ko radiation ¢ = 0.710 73 A) operating at 50 kV and 40.0 derivatives,4—7. In the reactions with LITCNQ only the
mA. A dark-red colored crystal was selected for the measurements.radical anion is present, and since the obtained derivatives,

The reflection intensities were collected from 100 frames. The 4 and5, show the general formula [M([18]anes){TCNQ),,
exposure time/frame was 18 s. The results were processed usintho significant charge transfer takes place during the reaction.
the Kur_na lefractlon_ software (Wroclaw, Poland). No absorpyon It should be noted that the dinuclear copper derivagive
correction was applied. All the structures were solved by direct reacts with LITCNQ with formation of the mononuclear

methods and refined by applying full-matrix least-squared=dn . . ]
with anisotropic thermal parameters for the non-hydrogen atoms. SPECi€SS. From the reaction mixture the compound [Cu-

The hydrogen atoms were included with fixed isotropic contribu- (TCNQ)]‘HO has been identified by its IR spectrum,
tions at their calculated positions determined by molecular geom- indicating that the reaction stoichiometry is
etry, except for the water molecules 2nand 3 whose hydrogen

(12) Sheldrichk, G. MSHELX-97 University of Gadtingen: Gitingen,
Germany, 1997.

(11) Wudl, F.; Brice, M. RJ. Chem. Educl199Q 67, 717—718.
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Hexaazamacrocyclic Ni and Cu TCNQ Complexes

[Cu,([18]ane-N)CI,]Cl4H,0 + ALITCNQ —
[Cu([18]ane-N)](TCNQ), + [Cu(TCNQ),]-H,O + 4LiCl

The unstability of the dinuclear @al, moiety in this reaction
can indicate that it occurs with a nucleophilic attack of the
radical anion TCNQ over the copper atom.

When (NEtH)(TCNQY), is used as the reacting agent, the
derivatives of formula [M([18]ane-N](TCNQ),, 6 and 7,
are obtained. The reactions again correspond to an anion
metathesis since the formal oxidation state, TCRQ
expected for these compounds is the same as in the starting
ammonium salt.

IR Spectra and Electrical Conductivity. The IR spectra
of the studied derivatives show the typical features found in
other uncoordinated TCNQ compourids-he most signifi- Cé o)

cant bamljs for the_amomc T?NQ are théC_N) N 219?_/ Figure 1. ORTEP view, 50% probability ellipsoids, of [G{i18]ane-N)-
2157 e, vao(byy) = 1507 e, andvso(bsy) = 824 cnt™; Cl]Cl>4H;0 (2). Selected bond lengths (A) and angles (deg): €N1,
these bands are shifted to higher frequencies on reducing%.lgOBC()Si);scluéBléZ), éig3NG§2)?;’ %%Tz?l’oigig(zl);scslg)Crlxllilcz'slglr\%);
i —-01, 3. ; . 3. ; ', 2. ; ul-N2,

the electronic charge on the TCNQ. CompourdandS g/ qi6): N5 11" No” 168.86(12); Ni Cul—Cl1, 154.46(10); N2 Cul—
show these bands with typical values for uncoordinated ci1, 102.23(9); N2-Cul—Cl1, 93.48(6); Cl+Cul—CI1’, 103.31(3).
dimeric (TCNQ)?™ anions? in consonance with a model of _
cationic [M([18]ane-N)]2* and anionic (TCNQJ- alternat- and is formed by a centra_l @al; core surrounded by the
ing in the structure, as commented below. This picture is [18]ane-Ny macrocycle which coordinates the two copper
always associated with localized electronic charges leading@toms; the copper atoms are five-coordinated to three
to very low conductivity values. In fact, the room-temperature Nitrogen atoms corresponding to half of the macrocycle and
conductivity measurements fer and 5 gave values well 0 the two bridging chlorine atoms. The type of environment
below 107 S cn™. can be determined by means of the Addison parameter, which

The spectra 06 and7 show very different features, with ~measures the degree of trigonality in a five-coordinated
bands at 21992163, 1507, and 835832 cm for the environment?® ranging fromz = 0, for a perfect square
TCNQ significant vibrational modes. The frequency values, Planar environment, tor = 1, for the perfect trigonal
especially thesso band, are intermediate between the usual PiPyramid. In compouna the Addison parameter has a value
values of the neutral and mononegative TCNQ, suggesting of r = 0.24 indicating a dlstorte_d square pyram|dal environ-
that the acceptor has a formally nonintegral oxidation state. Ment for the copper atoms, with three nitrogen atoms and
More noticeable is the fact that all these bands appear©n€ bridging chlorine in the basal plane and the other chlorine
superimposed on a low-energy electronic absorption centerecd®om in apical position. The copper atom is located 0.30 A
at 3180 cm* for compoundb and at 3960 cmt for 7and is ~ above the pyramid basal plane. The copperlorine dis-
attributed to a charge-transfer band @etween adjacent ~ tances are different, the larger distance corresponding to the
radical anionic and neutral TCNQ groups, a typical feature @pical chlorine, a situation frequently found in related,Cu
of the presence of partially reduced TCNQ stacks showing Cl, moietiest® These macrocycllc Catlons_ are stacked aI(_)ng
some degree of electronic delocalizatiéThese compounds ~ the crystalc-axis leaving channels occupied by the chloride
usually show a semiconducting behavior as observed by the2nions and the water molecules which, in turn, are linked
room-temperature values of the electrical conductivitgof ~ through hydrogen bonds forming infinite chains, as shown
7.7x 104Scnt and7, 3.1x 104 S cnrl. These values  IN Figure 2. The chlorine atom forms two equivalent
correspond to weak semiconductors and are similar to thosehydrogen bonds with symmetry-related water molecules; the
found in other stacks of TCN.9¢.10a bond parameters are ©HO1A = 0.87 A, HO1A--CI2 =

Crystal Structure of 2. This compound crystallizesinthe 2-36 A, and angle O3HO1A-CI2 = 157. The water
C2/mmonoclinic group. Figure 1 shows an ORTEP view of m_olec_ules are also hydrogen bonded in a rectangular shape
the compound with the labeling scheme of the asymmetric With distances O%-O1(, -y, 2) = 2.73 A and 01-01(1
unit. The formula unit consists of one macrocyclic cation, — % ¥, 2~ Z)_ = 2.80 A.
[Cux([18]ane-N)Cl,]%*, two chloride anions, and four water These chains are linked to the macrocycles through extra

amine groups of two adjacent macrocycles and extend the

(13) (a) Bozio, R.; Girlando, A.; Pecile, @. Chem. Soc., Faraday Trans.
1975 71, 1237-1254. (b) Bozio, R.; Zanon, |.; Girlando, A.; Pecile,  (15) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.

C.J. Chem. Soc., Faraday Trans1978 74, 235-248. (c) Ballester, C.J. Chem. Soc., Dalton Tran$984 1349-1356.
L.; Gutierez, A.; Perpian, M. F.; Azcondo, M. T.Coord. Chem. (16) (a) Puschmann, H.; Batsanov, A. S.; Howard, J. A. K.; Soto, B.; Bonne,
Rev. 1999 190-192, 447-470. R.; Au-Alvarez, O Acta Crystallogr., Sect E001, E57, m524-m526.

(14) (a) Inoue, M.; Inoue, M. BJ. Chem. Soc., Faraday Trank985 81, (b) Halfen, J. A.; Fox, D. C.; Mehn, M. P.; Que, norg. Chem.
539-547. (b) Ghezzal, E.; Brau, A.; Farges, J. P.; DupuisiVBl. 2001, 40, 5060-5061. (c) Weghorn, S. J.; Sessler, J. L.; Lynch, V.;
Cryst. Lig. Cryst.1992 211, 327—330. Baumann, T. F.; Sibert, J. Wnorg. Chem.1996 35, 1089-1090.
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Figure 2. Two views of the packing 02 showing the hydrogen bonds formed between the chloride anions and the crystallization water molecules as blue
dotted lines and those implying the macrocyclic nitrogens as purple dotted lines.

@0(1)
O

C\\
C(8)/
Figure 4. Packing view of3. The hydrogen bonds are shown as dotted
Figure 3. ORTEP view, 50% probability ellipsoids, of [Cu([18]ane)N lines. Bond distances (A) and angles (deg): ~®{D1 = 0.98, HO%:-CI1
ClyH,0 (3). Selected bond lengths (A): CuN1, 2.043(3); CutN2, = 2.35, OF-H01-CI1 = 153; 02-H02 = 0.91, H02--CI2 = 2.43, Ot
2.290(3); Cut-N3, 2.175(3); CuxN4, 2.002(3); CuxN5, 2.189(3); Cut H02—CI2 = 145; NI-H1 = 0.91, HZ--CI1 = 2.61, NI-H1-CI1 = 154;
N6, 2.318(3). N2—H2 = 0.910, H2:-CI2 = 2.73, N2-H2—CI2 = 134; N3-H3 = 0.91,

H3-+-Cl1 = 2.49, N3-H3—CI1 = 149; N4-H4 = 0.91 A, H4--CI2(—x +

; ; ; . 112,y — 1/2, =z + 3/2) = 2.36, N4-H4—CI2 = 158; N5-H5 = 0.91,
intermolecular interactions along thecrystal axis: N2- H5--YCI2 _ 2.3; NHJ%S_CIZ ~ 171: N6-H6 — 0.91, H6--Cl1(—x +
H2 = 0.91 A; H2--CI2 = 2.54 A; angle N2H2—CI2 = 312,y — 112, —7 + 3/2) = 2.37, N6-H6—CI1 = 162.
142. Finally, the water molecules form hydrogen bonds with o ) ) )
the macrocyclic nitrogen not bound to the chlorine atoms, Meridional planes intersect with an angle of 78\8ith the
N1-H1=0.91A, HL--O1=2.65 A, and angle NAH1— copper atom slightly displaced (0.040 and 0.043 A) from
01 = 144, along thea crystal axis completing the net of ~these planes. _
hydrogen bonds linking the different molecules in the crystal.  Figure 4 shows that the chlorine atoms and the crystal-

Crystal Structure of 3. This compound crystallizes in the lization water molecule are linking the metallomacrocycles
monoclinic P2:/n group. The asymmetric unit is shown in through a series of hydrogen bonds involving the six amine

Figure 3 and consists of one metallomacrocyclic cation, two groups of every ma_crocycle. The water molecule form two
chloride anions. and one water molecule. hydrogen bonds with the chlorine atoms; the <ID1---

. . . . CI2 unit forms an angle of 127and is surrounded by four
The copper atom is octahedrically coordinated to the six . : .
. . - macrocyclic cations that form hydrogen bonds with the
nitrogen atoms in the macrocycle. Both faéfand meridi-

G- ; S chlorine atoms. Every macrocycle is linked to four chlorine
onaf® isomers have been found in coordination complexes. : . .
. atoms since two of them are doubly bonded, forming, as in
Compound3 corresponds to thener isomer. The CuN

bond distances indicate a rhombic distortion in the octahedronthh%rgrz\go;sn dsstrtjhc;lt,lrselj aortg rfﬁéd;:rsjgtsd:)enal network  of
with opposite distances of ca. 2.0, 2.2, and 2.3 A, respec- yarog bp :

tively; the shortest CtN distances are due to the meridional _C_ry_stal Structure of 4. This comp_ound_crystall_lzes in the
. : e . triclinic P1 group. The asymmetric unit consists of two
nitrogen atoms. Due to this rhombic distortion, the two

metallomacrocyclic cations and four TCNQ radical anions.
Their ORTEP view is shown in Figure 5.

(17) (a) Searle, G. H.; Tiekink, E. R. Coord. Chem1989 20, 229-235.

(b) Chandrasekhar, S.: Fortier, D. G.; McAuley,lAorg. Chem1993 The_ nickel atoms in both cations are six—goordinated by
18) ?25 %{42(j4h—,|3429- ¥Bull, Chem. Soc. Jpri982 55 412. (B) R the nitrogen atoms of the macrocycle, which forms the
a, odhikawa, ull. em. S0cC. Jp 3 . oyer, T . . . . .

D. J.; Grant, G. J.. Van Derveer, D. G.; Castillo. Midorg. Chem. me.r|d|onal. isomer as i3 bqt Wl_th a less distorted coordi-
1982 21, 1902-1908. native environment. The NiN distances are shorter for the
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Figure 5. ORTEP view, 50% probability ellipsoids, of [Ni([18]anes)jt
(TCNQ),: (4), showing the labeling of nitrogen and nickel atoms. The color
pattern corresponds to that described in the text: TCNQ A, red; TCNQ B,
cyan; TCNQ C, yellow; TCNQ D, magenta.

Table 2. Hydrogen Bonds Found in the Crystal Structure of
Compoundst and 6

angle,
compd D-H---A d(D—H), A d(H---A),A deg

4 N1—-H1-N18 (TCNQC) 0.91 2.32 158
N2—H2--:N25 (TCNQ B) 0.91 2.21 159
N4—H4-+:N21(TCNQ D) 0.91 2.31 140
N6—H6+-N13 (TCNQ A) 0.91 2.11 164
N7—H7--:N14 (TCNQ A) 0.91 2.28 149
N8—H8:-:N24 (TCNQ D) 0.91 2.35 138
N10—H10-++N15 (TCNQ A) 0.91 2.22 161
N11—-H11:+-N19 (TCNQ C) 0.91 2.32 148
N12—H12::N27 (TCNQ B) 0.91 2.43 160

6  N1—-H1---N3A 0.84 2.68 126
N4—H4-+-N3A 0.93 2.40 139
N7—H7--:N3B 0.92 2.43 142

meridional nitrogen atoms (N3, N6, N9, N12), ranging
between 2.04(1) and 2.07(1) A. The other-Ml distances
are in the range 2.12(3R.16(1) A giving a flattened
octahedral environment for the nickel atoms.

The four TCNQ of the asymmetric unit are crystallo-
graphically different and have been identified by us with
the labels A-D. All the TCNQ must be anion-radicals, as

with an interplanar distance of 3.25 A. Two of the dimers
are stacked in the sequence-D—C—D, but the interdimer
(C—C) distance of 3.62 A is too long to consider the presence
of & interactions between the dimers. These TCNQ are
perpendicular to the stack of TCNQ A and B and along
with the metallomacrocycles surround the channels where
these stacks are located. The intermolecular interactions in
this crystal are completed by hydrogen bonds between the
amine groups of the macrocycles and cyano groups in the
TCNQ units; these bonds are listed in Table 2.

Crystal Structure of 6. This compound crystallizes in the
triclinic P1 group. The asymmetric unit is shown in Figure
7 and consists of half of the metallomacrocyclic cation and
two TCNQ anions.

The nickel is octahedrically coordinated by the six nitrogen
atoms of the macrocycle. In contrast to the previous
examples, the metallomacrocyclic cation forms the less
common facial isomeY. The coordination environment is
highly regular with the six Ni-N distances equal within the
experimental error: NiEN1 = 2.157(2) A; Nil-N4 =
2.155(2) A; Nil-N7 = 2.154(2) A.

The two crystallographically independent TCNQ mol-
ecules are labeled A and B. According to the relation
between carboncarbon bond distances and the negative
charge located on the organic accepgfohoth TCNQ
show similar parameters (Table 3) and, within experi-
mental error, they correspond to a formal charge of 0.5
electron. All the TCNQ species are stacked along the
[100] direction interacting byr overlap with neighboring
units (Figure 8). TCNQ A and B alternate along the stack
with shortest distances of 3.15 and 3.30 A. According to
the lack of uniformity indicated by these intermolecular
distances, the stack can be alternatively seen as overlapping
(TCNQ)~ dimers showing stronger interactions inside the
dimer.

As in the previous structure, the electrostatic interactions
between the metallomacrocyclic cations and the TCNQ
anionic stack are complemented by the formation of several

the IR spectrum suggests, since four negative charges arénydrogen bonds between the amine macrocyclic groups and

needed to neutralize the two macrocyclic cations;

however, the poor quality of the data precludes a confirma-

the TCNQ cyano groups (Table 2).
Magnetic Properties. The magnetic susceptibilities of

tion on the basis of the interatomic distances in the TCNQ 1-7 have been measured in the temperature range

species.

2—300 K.

The crystal packing (Figure 6) can be described as a The magnetic moments of the nickel derivatideand 4

bidimensional array of noninteracting metallomacrocyclic
cations stacked along the [010] and [l@lirections. The

follow the Curie law above 20 K, arising only from isolated
nickel(ll), S= 1, spins. Below this temperature, there is an

TCNQ units are located between the macrocyclic sheetsabrupt descent in the moment values and this fact can be

forming dimeric dianions that stack in two different ways.
TCNQ A and B form infinite stacks along the [010] crystal
direction. The stack is built up of overlapping TCNQ units
in the sequence--B—A—A—B—B—A--- with shortest in-
tradimer distances of 3.16 A (AA) and 3.47 A (B-B) and
an interdimer (A-B) distance of 3.20 A. TCNQ A and B
are not strictly parallel but form an angle df Getween their

ring planes. Alternatively, the stack can be described as o)

formed by overlapping tetramers BA—A—B with short

contacts inside the tetramer and longer distances in between:

TCNQ C and D form dimers (€D) in the [107 direction,

ascribed to the presence of a zero-field splitting in the ground
state, which is one of the most important sources of magnetic
anisotropy in nickel(ll) octahedral derivativé’sEquation 1
takes into account this single-ion anisotropy for the average
magnetic susceptibility, whem; is the Landeg factor for

(19) Kistenmacher, T. J.; Emge, T. J.; Bloch, A. N.; Cowan, DA@ta

Crystallogr., Sect. BL982 38, 1193-1199.

Goldberg, S. Z.; Eisenber, R.; Miller, J. S.; Epstein, 11.AAm. Chem.
Soc.1976 98, 5173-5182 and references therein.

(21) (a) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986;
p 24. (b) Kahn, OMolecular MagnetismVCH: New York, 1993; p
17.
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Figure 7. ORTEP view, 50% probability ellipsoids, of [Ni([18]anesjl{ TCNQ)4 (6). Color pattern: macrocyclic cation, green; TCNQ A, red; TCNQ B,

blue.

Table 3. Comparative Analysis of the TCNQ Bond Distancessin

N N
N\ a 4
b /a
Cc
Vi \
N N
compd a b c d b—c c—d d(b+d)
TCNQP2 1.345 1.448 1.374 1.441 0.074 —0.067 0.476
TCNQ 2 1.373 1.423 1.420 1.416 0.003 0.004 0.500
TCNQP5 2 1.354 1.434 1.396 1.428 0.040 —0.032 0.488
TCNQA 1.359 1.437 1.396 1.434 0.041 —0.038 0.486
TCNQB 1.363 1.434 1.403 1.429 0.031 —0.026 0.490

aData taken from ref 20.

the nickel ion,k is Boltzmann's constan{ is the Bohr
magnetonx = |D|/KT, the parameted measuring the zero-
field splitting, and No. is the temperature-independent
paramagnetism:

50= 2Ngy*B? 2/x — 2 expxX)/x + exp(=X)
3KT 1+ 2 expx)

+ Na Q)

The best fit (Figure 9) was obtained whgig = 2.179-
(2), ID| = 3.52(8) cnt, andNa = 5.7(1) x 10~* cm?® mol~?
for 1 andgn = 2.179(1),|D| = 3.81(3) cn1?, andNa =
3.3(1) x 10* cm?® mol™?, respectively, fo. In both cases
the values are typical of slightly distorted octahedral
nickel(ll) environments. The organic radicals 4ndo not

3952 Inorganic Chemistry, Vol. 46, No. 10, 2007

contribute to the magnetic moment, indicating that dimeric
(TCNQ),?>™ are formed. The dimeric dianion usually shows
a strong antiferromagnetic coupling of both spins which
renders the dianion diamagnetic. The magnetic susceptibility
variation can then be exclusively attributed to the contribution
of the isolated metal ion. The TIP values are, however, higher
than expected for isolated nickel(ll) ions ((:0020) x 10°¢

cm?® mol™Y) and probably are due to an overestimation of
the diamagnetic correction of the sample and the sample
holder.

The copper derivativ@ also follows the Curie law above
50 K with a decrease of the magnetic moment value below
this temperature (Figure 9). This deviation can be attributed
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Figure 10. Temperature dependence of the susceptibility and the magnetic

Figure 8. Packing view of6. TCNQ color pattern: A, red; B, blue. moment for 7.
b indicate that the TCNQ radicals do not contribute to the total
1.2 e susceptibility, suggesting its complete dimerization in the
1 solid.
”’j The copper derivative with four TCNQ unitg, shows,
—.’; 0.8 on the contrary, a small contribution from the organic radicals
= Mf‘ I to the total magnetic susceptibility. The magnetic moment
= T of this compound (Figure 10) decreases from 4318 300
= r K to 1.72 3 at 5 K. These values suggest that at lower
02d temperatures only the metal ion contributes to the magnetic
susceptibility with the spins on the TCNQ antiferromagneti-

: . cally coupled and that at high temperatures thgee 1/2

TIK spins are present in the formula unit, one corresponding to
Figure 9. Temperature dependence gf for 2, green squares, amt the copper ion and the other two to the TCNQ groups.
blue triangles. The solid lines represent the best fit using the equations Assuming the formation of TCNQ chains in the solid, in a
described in the text. way similar to that found for the nickel compoursg the

total susceptibility can be interpreted as the sum of three

to an antiferromagnetic coupling between the two copper t€rms:
atoms in the complex core. The angle-&Tl—Cu of 76.68 Y + Na 3)
agrees with this observed antiferromagnetic coupling. The Xrotal = Zcu ™ XTCNQ

magnetic data can then be fitted to the expression based Here the first term corresponds to the Curie contribution of

sum of the general isotropic exchange Hamiltonian for two the copper(ll) ions, the second one is the contribution of the

I 1 = I = — 22 I
mteractmgS 1/2. spins,H 2SS, whe_reJ Is the organic part, and the last one is the temperature-independent
exchanging coupling constant for the copper ions ldads .

paramagnetism.

the temperature-independent paramagnetism; the other pa® . .
. ) Since the low-temperature values correspond exclusively
rameters are the same as in eq 1: oo . :
to the contribution of the metal-located spins, we have fit

N zﬂz the susceptibility values below 50 K to the sum of the Curie
¥ = Scu 2 + Na (2) law and a TIP to estimate the copper contribution. From this
KT 3+ exp(2JKT) fit a Curie constant of 0.384 K mol~* has been obtained,

corresponding to &c, value of 2.023; we also estimated
the TIP asNa. = 9.4 x 1074 cm?® mol~L. This value is in the
range observed for the Pauli paramagnetism found in TCNQ
derivatives with delocalized electrdrend other conducting
radical saltg3

When these two contributions are subtracted from the total
susceptibility, we obtain the contribution of the organic part,
reported in Figure 11. It shows a maximum centered &t
19 K, a typical feature of one-dimensiondl= 1/2 spin
systems. The experimental data have been then fitted to an

The best fit for the experimental data correspondgdto—=
2.016(1),d = —1.052(9) cm?, andNa = 5.0(2) x 10°°
cm?® mol™?, confirming a weak coupling between the copper
ions.

In contrast, compound3 and5 follow the Curie-Weiss
law in the whole range of temperatures, indicating that the
magnetic susceptibility only arises from the contribution of
isolated copper(ll) ions. The magnetic moment for compound
3is 1.85p (equivalent tayc, = 2.14), with a Weiss constant
® = —1.18 K. For compound the correspondent values
are 1.778 (gcu = 2.04) and® = —0.22 K. These values

(23) Williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser,
U.; Wang, H. H.; Kini, A. M.; Whangbo, M. HOrganic Supercon-

(22) Bleaney, B.; Bowers, K. CRProc. R. Soc. London, Ser. 1952 214, ductors. Synthesis, Structure, Properties, and TheBnmes, R. N.,
451. Ed.; Prentice Hall: Englewood Cliffs, NJ, 1992.
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To estimate the contributions of the nickel(ll) ions and
the TIP to the total susceptibility, we have fitted the data
below 50 K to eq 1, and the best fit correspondgtpo=
2.154(1),|D| = 5.11(9) cnm?, andNa = 9.0(1) x 1074 cn?®
mol~. The higheD parameter compared to those obtained
for 1 and 4 can be attributed to the different coordinative
environment of the nickel atom, a facial isomer@rand a
meridional isomer irt. The TIP value is similar to that found
for 6 and in the expected range for a partially delocalized
TCNQ stack. The crystal structure of this derivative

0.00 41— : . : : : . suggests that the TCNQ contribution should fit to a model
0 50 100 150 200 250 300 of interacting spins along a 1D chain. However, the
TIK magnetic data do not fit well with this model and this
Figure 11. P'Iot'of the TCI\_IQ contributior_l to the magnetic sust_:eptipility fact, also observed previously by {ngcan probably be
for 7. The solid line is the fit to the experimental data as described in the . . : - . .
text. attributed to the higher contribution of the nickel(ll) ion
to the total magnetic susceptibility which makes it very
difficult to isolate the TCNQ contribution of the suscepti-
e bility and can lead to erroneous interpretations of the global
1.4 P data.

0.02 4

ylem®mol’

Conclusion

Several metallomacrocycles of nickel(ll) and copper(ll)
are isolated and characterized. The large size hexaaza-
macrocyclic ligand [18]ane-fstabilizes copper derivatives
with one or two metal ions in the macrocyclic cavity.
The obtained structures show a complex network of
hydrogen bonds involving chloride anions and crystallization

0.8 T T T T T T T T T T T T T
0 50 100 150 200 250 300 water molecules which stabilize the supramolecular archi-
TK tecture.
Figure 12. Temperature dependencedf for 6. The solid line is the fit Only mononuclear derivatives are obtained in the reaction

to the experimental data below 50 K as described in the text. . i
P of these species with TCNQ. Compounds of formula [M([18]-

_ _ _ , ane-N)](TCNQ), appear when LITCNQ, a source of radical-
alternating Heisenberg lineal chain modél= —J%(Si-1Sx anionic TCNQ, is used. The crystal structure of the nickel
+ 0SiSi+1),* whereJ is the exchanging coupling constant  gerivative, 4, indicates that the main interactions are the
for the TCNQ ions andx is a parameter that takes into  gjecirostatic attractions between cationic metallomacrocycles
account the dI'StOI’tIOIl’l in the chain and can vary frans and dimeric dianions (TCN@", which stack in the solid.

0, corresponding to isolated (TCNf), to o = 1, corre- A giifferent type of compound, with general formula [M([18]-
spondlng_to a uniform chain & = 1/2 spins. The best fit ane-N)](TCNQ)a, is obtained in the reaction with (ftH)-

was obtained fod = —24.2(2) cmi* anda. = 0.77(1) and  (TCNQ),. The reagent has one unpaired electron delocalized
keepinggren fixed to 2.002. These data suggest the presencepenyeen two TCNQ units, and this proportion is maintained
of a slightly distorted magnetic chain and can indicate that i the final derivatives. The nickel derivative, shows the
TCNQ stacks similar to that described fwould be present TCNQ stacked along the crystal with partial electronic
in the crystal. However, the X-ray powder diffraction yg|ocalization, as the alternate TCNQCNQ interplanar
diagrams of and7 show no apparent relation between them, gjistances indicate. A noticeable fact is the formation of
precluding further conclusions on the structure of the copper yifterent metallomacrocyclic isomers depending on the

derivative. _ _ number of TCNQ units present in the formula. Theer

_ The variation ofyT with the temperature foB is shown  isomer corresponds to the derivative with two TCNQ/
in Figure 12. As in the previous compound, the magnetic tormy|a, while thefacisomer appears in the partially reduced
behavior can be interpreted as the sum of three contrlbu-TCNQ derivative. The reason for this change could be in
tions: (i) the contribution of the nickel ion which follows e gitferent size of the metallomacrocyclic unit in relation
the Curie law above 15 K and shows the deviation due to a ith the space available to accommodate the TCNQ groups

zero field splitting of the ground state below this gjnce the facial isomer has a flattened and elongated shape
temperature; (i) the contribution of ttf&= 1/2 spins located ;4 contrast to the more sphericalerisomer, which seems
on the TCNQ; (iii) a temperature-independent para- i, pe the more stable form.

magnetism. The magnetic susceptibility data of the TCNQ derivatives
(24) Hall, 3. W.; Marsh, W. E.; Weller, R. R.; Hatfield, W. Eorg. Chem. show that the TCNQ anions forming dimeric (TCMQ)are
1981, 20, 1033-1037. antiferromagnetically coupled rendering diamagnetic units
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