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A family of cyano-bridged copper(ll)—copper(l) mixed-valence polymers containing diamine ligands of formula
[Cu(pn)2l[Cua(CN)4] (1, pn = 1,2-propanediamine), [Cuz(CN)s(dmen)] (2, dmen = N,N-dimethylethylenediamine),
and [Cus(CN)4(tmen)] (3, tmen = N,N,N',N'-tetramethylethylenediamine) have been prepared with the aim of analyzing
how their architecture may be affected by steric constraints imposed by the diamine ligands. In the absence of
diamine and with use of the voluminous NEt,* cation, the copper(l) polymer [NEt][Cu(CN)3] (4) forms. The structure
of 1 consists of a three-dimensional diamond-related anionic framework host, [Cu,(CN)4J?>~, and enclathrated
[Cu(pn),J?* cations. The structure of 2 is made of neutral corrugated sheets constructed from fused 18-member
nonplanar rings, which contain three equivalent copper(l) and three equivalent copper(ll) centers bridged by cyanide
groups in an alternative form. The 3D structure of 3 consists of interconnected stair-like double chains built from
fused 18-member rings, which adopt a chairlike conformation. Each ring is constructed from two distorted trigonal
planar Cu(l) centers, two bent seemingly two-coordinated Cu(l) centers, and two pentacoordinated Cu(ll) atoms.
The structure 4 is made of planar anionic layers [Cux(CN)s],"~ lying on mirror planes and NEt,* cations intercalated
between the anionic layers. From the X-ray structural results and calculations based upon DFT theory some
conclusions are drawn on the structure—steric factors correlation in these compounds. Compound 1 exhibits very
weak luminescence at 77 K with a maximum in the emission spectrum at 520 nm, whereas compound 4 shows
an intense luminescence at room temperature with a maximum in the emission spectrum at 371 nm. Polymers 2
and 3 exhibit weak antiferromagnetic magnetic exchange interactions with J = —0.065(3) and —2.739(5) cm™,
respectively. This behavior have been justified on the basis of the sum of two contributions: one arising from the
pure ground-state configuration and the other one from the charge-transfer configuration Cu'-CN—Cu"-CN-Cu"
that mixes with the ground-state configuration.

Introduction rational design of these polymeric structures has important

on crystal engineering of metal coordination polyniefhe ~ With potential applications, among other areas, in zeolite-
like materials, molecular selection, ion exchange, electrical

* Address correspondence to these authors. E-mail: ecolacio@

ugr.es (E.C.): kivekas@cc.helsinki.fi (R.K.). cqnductivity, catalysis, anq novel magnet_ic mater?a_ls. _
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architectures and new topologies. When a linear bidentateof ligands LL (where LL is a chelating diamine ligand) into
bridging molecule is used, the dimensionality of the as- hybrid materials as templating, space filling, and passivating
sembled polymeric structure depends on the geometry of theagents may provide new and interesting systems. Thus, it
metal ion. In principle, the control and prediction of crystal has been reported that from copper(ll), cyanide, and ethyl-
structures might be possible when the metal ions have a greaenediamine, a single diamond-like mixed-valence compound
tendency to adopt a definite coordination geometry. Thus, forms, [Cu(en)(H.0)][Cux(CN)4,” in which half of the
octahedral metal ions are expected to afford octahedralcavities are occupied by [Cu(e(ii,0)]>" cations acting as
networks, whereas tetrahedral metal ions are predisposed tdoth template and guest. From the prospective of assessing
generate diamond-like structures. Prussian-blue and itsthe effect of bulkier diaminealkane ligands on the solid
analogues, which are currently playing a major role in the architectures of the Cu(ll)/Cu(l) polymer systems, the
field of molecular-based magneétsyre typical examples of  compounds [Cu(pa)Cux(CN)4] (1, pn = 1,2-propanedi-
octahedral coordination polymers built from octahedral metal amine), [C4(CN)s(dmen)]  dmen= N,N-dimethylethyl-

ion nodes and bifunctional cyanide ligands as spacer.enediamine), [CHCN)y(tmen)] @, tmen = N,N,N',N'-
Tetrahedral nodes, such as'znd Cd, and cyanide ligands, tetramethylethylenediamine), and [NJEEu>(CN)s] (4) have
however, generate diamond-like coordination polymers, Zn- been prepared and structurally characterized. In addition,
(CN), and Cd(CNj, with 2-fold interpenetratioA. These herein, we report the electronic and luminescence properties
microporous materials can be induced to form a single of all these complexes and the magnetic study of the cyanide-
diamond-like framework by providing in the crystallizing bridged mixed-valence complex&sand 3.

medium suitable template molecules of the correct shape and ] ]

size to fit snugly into the appropriate cavities. This has been EXperimental Section

shown to occur for the inclusion compounds of general  Allreagents were obtained from Aldrich and used without further
formula M(CN)}-G (G is a guest molecule and ¥ Cd' purification. Cyanide salts are toxic and should be handled with
and Zi)°> and in the cationic guest compound [NNJ€uZn- Caution

(CN)4],% in which half of the total cavities were vacant. Note ~ General Method of Preparation. To prepare compounds-3

that this latter compound and the isomorphous host [ijMe  the following standard procedure was used. KCN (1.066 g, 16.4
[CuCd(CNY]® are able to additionally accommodate neutral Mmol) was added to a solution prepared by dissolving CujNO

CCly molecules in the remaining cavities. The incorporation 320 (1.0, 4.1 mmol) and the corresponding diamine (12.3 mmol)
in 50 mL of water. The resulting colorless solution was slowly

(1) Robson, R.; Abraham, B. F.; Batten, S. R.; Gable, R. W.; Hoskins, B. layered with a blue solution containing Cu(j@3H,0 (0.5 g, 2.05

F.; Liu J. In Supramolecular ArchitectureBein, T., Ed.; American i ;
Chemical Society: Washington, DC, 1992: Chapter 19, p 258. Robson, mmol) and diamine (6.15 mmaol). After several days suitable crystals

R. In Comprehensie Supramolecular ChemistrPergamon: New for X-ray diffraction were growing from the resulting blue solution,
York, 1996; Chapter 22, p 73Zrystals Engineering: The Design  which were filtered-off, washed with ethanol and air-dried.

and Applications of Functional SolidSeddon, K. R., Zaworotko, M. . - i 0,
J., Eds.; NATO Science Series C; Kluwer Academic Publishers: [Cu(pn)2][Cu2(CN)d] (1): Brown-blue crystals. Yield 70%. Anal

Dordrecht, The Netherlands, 1999; Vol. 539. Zaworotko, Minhew. Calcd for GoHaoNeCus: C, 27.09; H, 4.52; N, 25.28. Found: C,
Chem., Int. Ed200Q 39, 3052. Kitagawa, S.; Kondo, MBull. Chem. 27.45; H, 4.30; N, 26.10. IR (KBr, cnt): v(NH) 3290, 3252;
Soc. Jpn1998 71, 1739. Blake, A. J.; Champness, N. R.; Hubberstey, ¢ (CN) 2081.

P.; Li, W. S.; Withersby, M. A.; Schiger, M. Coord. Chem. Re

1999 183 117. [Cu,(CN)s(dmen)] (2): Green crystals. Yield 65%. Anal. Calcd
(2) Yaghi, O. M.; Li, G.; Li, H.Nature1995 378 703. Yaghi, O. M.; Li, for C;H12NsCup: C, 28.64; H,4.09; N, 23.87. Found: C, 28.50; H,

H.; Groy, T. L.J. Am. Chem. S04.996 11§ 9096. Yaghi, 0. M;Li,  3.85; N, 24.10. IR (KBr, cm): v(NH) 3335, 3284»(CN) 2143,

H. J. Am. Chem. S0d995 117, 10401. Yaghi, O. M.; Li, HJ. Am. 2125. 2089

Chem. Soc1996 118 295. Li, H.; Eddaoudi, M.; O'Keefe, M.; Yaghi, ' ' ) . 0

O. M. Nature1999 402, 276. Kondo, M.; Okubo, T.; Asami, A.; Noro, [Cua(CN)4(tmen)] (3): Green crystals. Yield 60%. Anal. Calcd

S.; Yoshimoto, T.; Kitagawa, S.; Ishii, T.; Matsuzaka, H.; Seki, K. for CigH1eNgCus: C, 29.22; H, 3.90; N, 20.46. Found: C, 29.10;

Angew. Chem., Int. Ed1999 38, 140. Fujita, M.; Kwon, Y. J,; . .

Washizu, S.; Ogura, KI. Am. Chem. S0d.994 116, 1151. Kondo, H, 4.05; N, 20.70. IR (KB, le)' v(CN) 2145, 2125.

M.; Yoshimoti, T.; Seki, K.; Matsuzaka, H.; Kitagawa, Sngew. [NEtfl][Cu 2(CN)3] (4). A solution of CU(NQ)2'3H20 (1.0g,4.1

Chem., Int. Ed1997, 36, 1725. Noro, S.; Kitagawa, S.; Kondo, M.;  mmol) in 50 mL of NH,OH (6M) was reduced with KCN (1.066

Sﬁ:;ir'arl;b ﬁré%‘f;/‘r/-':g;‘s&-ﬁ(ﬁ-n Egzogg53.9N§$_5(3)2A'\4?%§it;53mé4§4. g, 16.4 mmol) and the mixture was stirred until a clear colorless

Kiuwer Academic Publishers: Dordrecht, The Nederlands, 1996, Solution was obtained. Solid Cu(NJ2-3H,0 (0.5 g, 2.05 mmol)

Molecular Magnetism: From the Molecular Assemblies to thei&s and EtNPF; were then added with stirring and the essentially clear

Coronado, E., Delhige P., Gatteschi, D., Miller, J. S., Eds.; NATO  solution was filtered to eliminate any amount of insoluble material.

ASI Series E321; Kluwer Academic Publishers: Dordrecht, The 4 the resulting solution at room temperature colorless crystals
Nederlands, 1996; pp 43, 179. Coronado, E.; Gdlascars, J. R.; .
Gomez-Garéa, C. J.: Laukhin, VNature 200Q 408 447. began to appear after 2 days. Yield 65%. Anal. Calcd faHgN -

(3) Dumbar, K. R.; Heintz, R. AProg. Inorg. Chem1997, 45, 283. Cw: C, 39.36; H, 5.96; N, 16.70. Found: C, 39.50; H, 5.67; N,
Verdaguer, M.Sciencel996 272, 698. Entley, W.; Girolami, G. S. 17.10. IR (KBr, cntl): v(CN) 2118.
Sciencel995 268 397. Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, . ' .
P.: Verdaguer, MNature 1995 378 701. Verdaguer, M. Bleuzen Physical MeasurementsElemental analyses were carried out
A.; Marvaud, V.; Vaissermann, J.; Seuleiman, M.; Desplanches, C.; at the Instrumentation Scientific Center of the University of Granada

|SCI\J/”k'Tlr' tA-F;)Tfféin,t_C-: C(;:ardve"llR'; GFegy, Gd; LCOrf]ﬂenech fg;ggofgama”’ on a Fisons-Carlo Erba analyzer model EA 1108. IR spectra were
.. Veillet, P.; Cartier, C.; Villain, FCoord. Chem. Re -
1023. Ohba, M. Okawa, KCoord. Chem. Re 2000 198 313, Rogez, recorded on a MIDAC progress-IR spectrometer with KBr pellets.

G.; Parsons, M. S.; Villar, V.; Mallah, Tnorg. Chem2001, 40, 3836.

(4) Hoskins, B. F.; Robson, R. Am. Chem. S0d.99Q 112, 1546. (6) Kitazawa, T.; Nishikiori, S.; Kuroda, R.; Iwamoto, J. Chem. Soc.,
(5) Abrahams, B. F.; Hoskins, B. F.; Liu, J. P.; RobsonJRAm. Chem. Dalton Trans 1994 1029.
Soc.199], 113 3045. Kitazawa, T.; Nishikiori, S.; Yamagishi, A; (7) Williams, R. J.; Larson, A. C.; Cromer, D. Rcta Crystallogr. Sect.
Kuroda, R.; lwamoto, TJ. Chem. Soc., Dalton Tran$992 413. B 1972 28, 858.
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Cyano-Bridged Copper(ll)-Copper(l) Mixed-Valence Polymers

Table 1. Crystallographic Data and Structural Refinement Details for Compotngs3, and4

1 2 3 4
empirical formula GoH20CwsNg C7H1,CwNs C10H16CWsNg C11H20C N4
fw 442.96 293.30 410.91 335.39
cryst syst monoclinic orthorhombic orthorhombic orthorhombic
space group P21/n (No. 14) Pna2;(No. 33) Pnma(No. 62) Ibam(No. 72)
a(h) 13.506(3)1 13.665(3) 13.787(3) 14.857(4)
b (A) 8.444(2) 9.989(2) 9.175(2) 8.133(3)
c(R) 13.580(3) 8.389(2) 12.018(2) 12.240(5)
p (deg) 103.83(3) 90 90 90
V (R3) 1503.8(6) 1145.1(4) 1520.2(5) 1479.0(9)
z 4 4 4
T(°C) —80 —80 —80 —80
(A 0.71069 0.71069 0.71069 0.71069
p(gcm3) 1.956 1.701 1.795 1.506
u(cmt) 42.09 36.84 41.53 28.61
goodness-of-fit 1.024 1.027 1.010 1.045
R1a[l > 20(1)] 0.0652 0.0439 0.0520 0.514
WR2[1 > 20(1)] 0.1269 0.1024 0.1370 0.1341
Flack parametex —0.02(6)

ARL= J[|Fo|l — IFcll/ZIFol. PWR2 = {F[W(Fo? — FA)?/ 3 [W(F?)Z} 12

Magnetization and variable-temperature (23D0 K) magnetic

Table 2. Selected Bond Lengths (A) and Angles (deg) for

susceptibility measurements on polycrystalline samplesarfd3 Cul—X1 2.089(8) Cuz-X8b 2.036(8)
were carried out with a Quantum Design SQUID operating at Cul—X3 1.962(10) Cu2-X4¢ 2.099(8)
different magnetic fields. Experimental susceptibilities were cor- ~ U1=X5 1.992(10) Cu3-NS 1.981(8)
rected for diamagnetism—150 x 1076 and —210 x 10°% cm?® gﬂ;ég igéggé) (C:ﬂi“g %ggigg
mol~! for 2 and 3, respectively), temperature-independent para- cy2—x7 1.981(10) Cu4N9 1.979(7)
magnetism €60 x 1076 cm® mol~! per Cu(ll) ion), and the X1—Cul-X3 109.1(3) X2-Cu2—X8b 105.2(3)
magnetization of the sample holder. The luminescence spectra were x1-—cu1l-x5 108.0(3) X7-Cu2—X8Pb 109.6(3)
recorded on a Perkin-Elmer LS-50B spectrofluorometer by using X1-Cul-X62 101.2(3) X2-Cu2—X4¢ 111.2(3)
a dispersion of the samples into KBr. X3*CU1*X5a 119.6(4) XFCU2*><4°C 98.0(3)
Crystallography. Single-crystal data collections were performed ig:gﬁ:iga ﬁ?gg; ﬁ?;_c%‘éz__,\ﬁ“ ?3?119}%3(,)3)
at —80 °C on a Rigaku AFC7S diffractometer, using graphite  yo_cyo—x7 128.6(3) N&-Cu4—N9 85.8(3)

monochromatized Mo K radiation. A total of 2717, 1108, 1646,
and 709 unique reflections were collected ®¥26 scan mode
(20max = 50.5°) for 1, 2, 3, and4, respectively.

The structures were solved by direct methods and refingiePon

a-¢c Equivalent positions: &) —x + 5/, y — Y5, =z + 3/5; (b) —=x + 35,

y+ Yy =2+ 35 (C) X = Yo, =y + Yz, 2 — Yo

Table 3. Selected Bond Lengths (A) and Angles (deg) 2or

by the SHELXL97 programi.For 1, 3, and4, refinement of each

CN bridge between two Cu(l) atoms indicated disordering with gﬂi:“% i:gg?gg 83;2? i:gig((gg
respect to the C and N termini. However, as refinements of site cuyil—N3 2.161(10) Cuz2C3 1.922(12)
occupation parameters of the bridging CN atom positions did not Cul-N4 2.063(7) Cu2C2 1.947(10)
reduce markedly th&® values but only made convergence more  N1—Cul—N2 88.9(4) N4-Cul-N5 84.6(3)
difficult, fixed occupancies of 50% C and 50% N were adopted N1—Cul-N3 93.8(4) CtCu2-C3& 122.4(6)
for each disordered CN atom position. For each structure, the N1—Cul-N4 — 169.2(4) CrCu2-C2  121.7(5)
disordered CN atom positions were labeled in tables and drawings “g:gﬂ:“g 1228&3 C8-Cuz-C2 115.8(5)

with x1, x2, x3, etc. For all structures, the hydrogen atoms were
treated as riding atoms, using the SHELX97 default parameters. |
For 1, in addition to the [CeCN4]?~ fragment, the asymmetric
unit of the structure contains also two halves of two partially
disordered centrosymmetric [Cu(g}¥) cations. In each cation, the

ab Equivalent positions: &) —x + Yo,y — Yo, z— Y5; (b) —x + Yo, y —

/2, zZ+ 1/2.

two positions on both sides of the mirror plane. Disordered non-

central metal atom occupies the center of inversion, the nitrogen NYdrogen atoms of tmen were refined with isotropic displacement

atoms and the methyl carbon occupy one position, but the remainingP2rameters but rest of the non-hydrogen atoms with anisotropic
two carbon atoms are disordered and occupy two positions. displacement parameters. The ligand tmen is disordered also in

Refinement of the structure in the lower symmetry space gRup lower symmetry space groupnaz,. . . . .
also indicated disordering of the pn ligands. For 4, all non-hydrogen atoms were refined with anisotropic

For 2, carbon atoms of the dmen ligand were refined with dlsplaceTent parameter;l. - loc ;
isotropic displacement parameters but rest of the non-hydrogen CTystal data and details of the data collection and refinement
atoms with anisotropic displacement paramet@rstystallizes in ~ [0f the compounds are summarized in Table 1. Bond lengths and
a noncentrosymmetric space group, and absolute configuration of2"g/es for compouni—4 are gathered in Tables3, respectively.
2 was determined by refinement of the Flackarameter. Computational Details. The structures of four copper(ll)

; 2+ 2+ 2+
For3, the tmen ligand is disordered with the N4 atom occupying COMPlex cations [Cu(es(H20)*", [Cu(pn]**, [Cu(dmeny]*", and

) -
one position at a mirror plane but the rest of the atoms occupying [Cu(tmen)]>* were optimized by the methods based upon DFT
theory. In the ADF program packa@ehe results were obtained

with Becke-Perdew (BP) exchange-correlation functidf&bor the
Cu atom the triples STO basis set augmented by polarization (from

(8) Sheldrick, G. M.SHELX97 University of Gdtingen: Gitingen,
Germany, 1997.
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Table 4. Selected Interatomic Distances (A) and Angles (deg)3for

Cul-N1 1.969(6) Cuz X1 1.919(6)
Cul-N2 2.052(4) Cuz2 C® 2.437(4)
Cul-N4 2.058(5) Cu2-Cu® 2.5023(11)
Cul-N5a 2.107(6) Cu3C2 1.927(5)
Cu2-C1 1.893(6) Cu3Xx2b 1.938(5)
N2—Cul-N2  121.4(2) XECu2-C2  110.22(16)
N1-Cul-N4 175.2(2) CtCu2-C®  102.01(17)
N2—Cul-N5&  113.2(3) C2—Cu2-C2®  90.7(2)
N2-Cul-N5a  125.4(3) C2-Cu3-C2  128.3(3)
C1-Cu2-X1 133.3(3) C2Cu3-X2®  115.68(13)
Cl-Cu2-C2  102.01(17)

a~e Equivalent positions: &) —x + Yz, =y + 1,z + Y5, (b) —x + 1, =y
+1, -2+ 2, © X, —y + 3o,z (d) X+ Yo,y + Yo, 2+ Uz (&) X, —y +
1/2, Z

Table 5. Selected Bond Lengths (A) and Angles (deg) 4or

Cu-X3 1.904(6) Cu-X1 1.943(5)
Cu—X32 1.917(7) N3-C3 1.513(4)
X3—Cu—X22 135.4(2) X2-X1—-Cu 171.3(5)
X3—Cu-X1 113.3(2) XE-X2—CuP 168.8(5)
X22—Cu—X1 111.3(2) X3-X3—Cu 177.0(7)

a~¢ Equivalent positions: &) —x + Yo, y + Yo, —z+ 1; (b) —x + Yo,
y — Y5 —z+1; (¢) =%, —y, —z+ 1.

ADF database 1V) was employed for the Cu atoms, with-2;s
electrons treated as a frozen core. For the other atoms the §riple-
STO basis set was applied, but with double polarization. For C

and N atoms the 1s electrons were frozen. The relativistic effect

was not taken into account. The volumes of the optimized complex
units were then computed at the B3LYP/6-311g** level of theory
(level 111) by making use of the Gaussian 98 program package.
No symmetry restrictions were applied during the optimization for
[Cu(enk(H20)]?*; in the other complexes the copper(ll) cation was
always sitting at the center of symmetry.

Results and Discussion

It is well-known that in agueous solution copper(ll) is
easily reduced to copper(l) by cyanide. However, with good
o-electron donor ligands that have their greater affinity for
Cu(ll), it is possible to stabilize Cu(ll) sites allowing the
isolation of mixed-valence Cu(l)/Cu(ll) materidiThus,

Colacio et al.

stability constants of bis(chelate)copper(ll) complexes, chelat-
ing diamine ligands, such as ethylenediamine, are expected
to strongly favor the oxidation process. In fact, when CuCN
is dissolved in a solution of 50% ethylenediamine in water
and the resulting solution is allowed to stand at room
temperature for several days, purple crystals of the mixed-
valence compound [Cu(ei1.0)][Cux(CN),] form.” It should
be noted that a few cyano-bridged Cu(l)/Cu(ll) mixed-
valence complexes have been reported so far and, to the best
of our knowledge, only three of them are stable polymers
with cyano-bridged CHCN—CuU' units, [CUsy(CN)sCU'-
(NH3)]5,*3 [CU'2CU'(CN)4(NH5)s], ' and [Cu(dien)(CN)CU-
(CN)]» (dien = diethylenetriamine)? In view of this and
with the aim of analyzing how the architecture of the mixed-
valence polymer compounds may be affected by steric
constraints imposed by bulkier diamine ligands, we have
prepared complexels-4. Crystals of the assembled systems
1-3 were obtained by diffusion of two aqueous solutions
of the respective precursors, one containing a mixture of
soluble cyanocuprate(l) complexes (prepared from the chemi-
cal reduction of Cu(ll) with an excess of KCN in the presence
of the corresponding diamine) and the other one containing
the corresponding bis(diamine)copper(ll) complex. When the
EyN*t cation is used as template agent instead of the
[Cu(N—N),]?" cation (N-N = diamine), complex forms.
In this case, to avoid the precipitation of CuCN and to ensure
the complete reduction of the Cu(ll) ion, agueous ammonia
as well as a greater excess of KCN were used. It should be
pointed out that, recently, Stocker and co-workersave
prepared a series of extended cyano-bridged Cu(l) systems
from the reaction of CuCN and straight-chain diamines. Their
synthetic method uses a very reductive aqueous solution
containing CUCN and 3% and elevated temperatures (in
the 358-368 K temperature range) and consequently no
mixed-valence complexes were obtained.

Structures. The structure ofl (Figure 1) is very similar
to that of [Cu(enyH,0)][Cux(CN)4]” and consists of a three-
dimensional diamond-related anionic framework host,fCu

in the presence of amine ligands the Cu(ll) state is favored (CN). ]*, and enclathrated and disordered [CugjF)

and then Cu(l) is oxidized to Cu(ll). Owing to the high

(9) (a) ADF Program System, Release 1999.02, Vrije Universiteit,
Theoretical Chemistry, Amsterdam, The Netherlands. (b) Baerends,
E. J.; Ellis, D. E.; Ros, PChem. Phys1973 2, 41-51. (c) Versluis,
L.; Ziegler, T.J. Chem. Phys1988 88, 322-328. te Velde, G,;
Baerends, E. J. Comput. Physl992 99, 84—98. (d) Fonseca Guerra,
C.; Snijders, J. G.; te Velde, G.; Baerends, ETHeor. Chem. Acc
1998 99, 391-403.

(10) (a) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (b) Perdew, J.
P.Phys. Re. B 1986 33, 8822-8824. (c) Perdew, J. Phys. Re. B
1986 34, 7406.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C,;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

(12) Huang, S. F.; Wei, H. H.; Wang, Yolyhedron1997, 16, 1747.
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cations, which adopt a charge-compensating and space-filling
role in the material. Since the anionic matrix [0ON),
]>"generates as many adamantane cavities as there are
tetrahedral centers, only half of the total cavities have to be
filled with [Cu(pn)])?" cations for charge balance. There are
two crystallographically nonequivalent copper(l) atoms in
the [Cw(CN)4]?>~ hosting framework, Cu(1) and Cu(2). The
presence of two kinds of metal centers generates two kinds
adamantane cavities in equal numbers: one type is sur-
rounded by four Cu(1) and six Cu(2) metals and designed
as Cu(1)Cu(2), the other cavities are of the CufCu(2)y
type. Each adamantane cavity containing a [Cu{phgation
shares a chair-form cyclohexane-like window with each of
four neighboring vacant cavities and vice versa.

(13) Kappestein, C.; Schubert, U. Chem. Soc., Chem. Commuad98Q

1116.

(14) Williams, R. J.; Cromer, D. T.; Larson, A. Bcta Crystallogr.1971,
B27, 1701.

(15) Stocker, F. B.; Staeva, T. P.; Rienstra, C. M.; Brittonlr@rg. Chem.
1999 38, 984.
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Figure 2. Perspective view of the neutral corrugated sheeta. of

The successful isolation of [Cu(efti,O)][Cux(CN),] and
Figure 1. A fragment of the 3D diamond-related anionic framework host 1 demonstrates that diamond-related three-dimensional frame-

[Cu(CN)4]?" enclathrating [Cu(pr)** template cations fof. Atoms from  \yorks can accommodate not only small molecules or cations
the disordered CN bridging groups are labeled as X. L . . -
but also large transition metal cations. This highlights the
Table 6. The Molar Volumes of the Optimized Complex Cations feasibility of engineering metalcyanide solids enclathrating
[CuN—N)zJ** transition metal complexes with potentially interesting and
complex cation molar vol (chmol2) useful properties.

[Cu(eny(H.0)]2* 1255 The structure of (Figure 2) consists of neutral corrugated

Egagggﬁ%i ” 128-2 sheets constructed from fused 18-member nonplanar rings.

[Cu(tmen)]2+ 213.6 Each ring is built from three equivalent copper(l) and three

equivalent copper(ll) centers, which are bridged by cyanide
groups in an alternative form with Cuft)Cu(ll) distances
from 4.9721 (15) to 5.208(2) A. The bridging fragments
Cu(I)=NC—Cu(l) are not linear with both Cu(l)N—C and
Cu(D)—C—N bond angles showing wide variation
(160.8(9)-176.7(11)). Copper(l) centers exhibit a slightly
distorted trigonal planar coordination geometry whereas
copper(ll) centers display a distorted square-pyramidalsCuN
coordination environment with = 0.23 ¢ defined asx —
p/60, a. andf being the bigger bond angles around copper;
7 = 0 for an ideal square pyramid; amd= 1 for a trigonal
bipyramid)!” In this description, the nitrogen atoms of the

As for the disordered guest [Cu(pi)" cations, the two
crystallographically nonequivalent copper(ll) centers exhibit
symmetrically imposed slightly distorted square-planar CuN
coordination environments as the copper(ll) ions are located
at centers of symmetry. When the structures of [Cufen)
(H20)][Cux(CN)4] and 1 are compared one realizes that the
main factor promoting the decrease in the coordination
number of the copper(ll) center on going from [Cu(en)
(H20)][Cux(CN)4] to 1 might be the bigger size of the pn
ligand with regard to the en ligand. Thus, when the bulkier
pn ligand is used, in order to minimize steric interactions

the copper(ll) ion adopts, instead of the square-pyramid diamine ligand occupy basal positions whereas three nitrogen
geometry observed for [Cu(@zO)IICL(CN)d], a square- o = bridging cyanide groups are situated in the

planar geometry, which occupies less space and furthermore - dinati i B the bond I

is electronically favored over the tetrahedral one. The molar remaining coordination positions. because the bond angles

volumes for [Cu(en(H,0)]2* and [Cu(pn)]?F, calculated between the bridging cyanide groups around copper(ll) range
o . ’ from 88.8(4) to 104.5(4) sheets are not planar but very

from the optimized structures by using DFT methods (see . X

Table 6), support the above hypothesis. With the exception corrugated. The intersheet distance bet.ween mean-square

of the intermolecular contact between Cu4 and the adjacentplanes through the qtoms of the shget; is 13.665 A. )

X4 atom of 3.041 A, the closest contacts involving the guest "€ structure of3 is made of stair-like double chains

cations and the hosting [@@€N),]2~ framework (in the range runn_ing in the direction of the-axis and the dogble chains
3.4-3.7 A) are longer than the sum of the corresponding &€ interconnected to afford a 3D network (Figure 3). The
van der Waals radii, clearly indicating that no significant double chains are built from fused 18-member rings, which

steric crowding exits in the structure and then the holes are 2d0Pt @ chairlike conformation. Each ring is constructed from
very suitable for the guest [Cu(pi* cations. It should be Fwo distorted trllgonal—planar Cu(l) centers, two bent seem-
noted at this point that the [Cu(eti,0)J2+ and [Cu(pn)]2* mgly two-cpordlnateQ Cu(l) genters_, two Cu(ll) at.omg with
cations must play a template role in the assembly of the & Slightly distorted trigonal-bipyramidal CgMoordination
anionic diamond-related framework, since the reaction of Polyhedron ¢ = 0.9), and six cyanide groups that bridge
Cu(ll) with KCN (L:4) in water solution and in the absence COPPEr centers, the baricenter of the 18-membered ring lying
of ethylenediamine gives rise to insoluble CUCN together ON @n inversion center. The bond angle of the seemingly two-
with various cyano complex ions in solution. Complex 1 is . : .

a Robin and Da¥ class | mixed-valence compound as the (15 Radicon a . Kao, T N. Keedjik. 3. van Rils J.-Versehoor, G.
valencies are totally localized. C.J. Chem. Soc., Dalton Tran$984 1349.
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Figure 3. A perspective view of the stair-like double chain®&nd the _ o ) )
interconnection of the double chains to afford a 3D network. For the sake Figure 4. Anionic layers of4 intercalated by NEt" cations.
of clarity the methyl groups of the diamine ligand are ommited.

of neighboring [CW(CN)s],"" layers. The crystallographically
planar 18-membered rings &f are different than those
observed for analogous 2D layer compounds, which either
are not plandfor exhibit a ABAB repeat pattern of the
layers®® It should be noted that a similar planar structure
showing the AABB pattern has been recently reported for
the compound PR[Cu,(CN)3].2° In this complex, however,

coordinated Cu(l) atom (Cu2) considerably deviates from
linearity (133.3(3)) due to weak interactions of 2.436(4) A
between Cu2 and two equivalent C2 atoms of a neighboring
chain, which leads to a Cu(2)Cu(3) distance of 2.5021 (11)

A between neighboring double chains and then to a 3D
structure. In the trigonal-bipyramidal Cu(ll) centers, the

gig?ngﬁq gic;rlrli\(lf i(r)1f Teag;jgm?gu“gggguani;i:ﬁ rgtsri(t)igig superimposed 18-membered rings of neighboring layers are
ging cy group Py P oriented in the same way, while ththey are rotated about

whereas the remaining nitrogen atoms are bonded in equato-
rial positions. The single infinite chains of the double chains,

A oo : In view of th ve results w n draw the followin
running in the direction of theb-axis, are formed of ew of the above results we can draw the following

conclusion: For2 and 3, and due to the presence of two

alternating trigonal copper(l) and trigonal-bipyramidal . .
. and four methyl groups on the nitrogen atoms of the diamine
copper(ll) centers with bond angles near 1,2dnd then the ligand respezti\g/ely pcomplexes [gufml)z]“ (N-N =

single chains as well as the double chains are not planar but ;. . .
. P L S . " diamine ligand) are both too voluminous (see Table 6) as to
forming a infinite stair in the direction of thig-axis. Within gand) ( )

the double chain, the CertCu2 and Cuz-Cu3 distances be included in the adamantane cavities, then the diamond-

like structure cannot be formed and the reaction of [Cu(N
are 4.9887(13) and 5.0803(10) A, whereas the -€G2i3 ot m— . .
distance is 6.8598(12) A. N)2]?" and [Cu(CN)]™ species ultimately leads to the

As indicated above, copper(l) and copper(ll) ions in observed complexes. Likewise, the bulky [MEt cation
complexes2 and 3 ex7hibitpr\)/ery differentpf):oordination prevents the formation of the diamond-like structure, giving
geometries and then the compounds fit into class | of the rise to the observed honeycomb-layer structure. Conse-

Robin and Dav classification of mixed-valence compounds quently, the control of spacial factors, such as steric contrains
However they resence of cyanide-bridging grou sp(whicH promoted by bulky substituents, is an important key in

' P . yar ging group building a great diversity of interesting cyanide-bridged
are known to transmit very efficiently the electronic effects)

. . copper polymeric structures.
between Cu(l) and Cu(ll) ions might suggest class Il .
compounds, thus leaving the question open. IR Spectroscopy. The bands corresponding t(CN)

stretching vibrations for compounds-4 appear in the range
The structure of compound, [NEt][Cux(CN)s] (see ~ 1 S . S .
Figure 4), consists of 2D graphite-like anionic layers 2081-2145 cm*, which is typical for bridging cyanide

[Cus(CN)3J.™ lying on mirror planes and NEt cations groups. For cyanide-bridged Cu(l) complexes, such asd

; o - 4, the v(CN) decreases as the coordination number around
intercalated between the anionic layers. These anionic layers

show the AABB pattern with interlamelar spacing of 6.129 f;?;ﬁég)r;tig]s |Gr}1rc(:)e a::s,e(ans;.elrr; ktehe)é%r,llg; V:thetglri’ 2‘7\/2'?81
A. The layer structure o# is built from distorted trigonal PP ’ PP

CU('). center; linked into 18-member &GN)s rings, Whi_Ch (18) Cromer, D. T.; Larson, A. CActa Crystallogr.1962 15, 397.

fuse into a distorted 2D honeycomb structure. Each nitrogen (19) fghgeésg%téaé 31'; Kusnetzow A.; Birge, R.; ZubietaJnbrg. Chem.
N . . , .

atom of NEL" occupies symmetry element 222 midway (20) Zhao, Y.; Hong, M. Su, W.; Cao, R.; Zhou, Z.: Chan, A. S.JC.

between centers of two superimposed 18-membered rings ~ Chem. Soc., Dalton Tran200Q 1685.

5146 Inorganic Chemistry, Vol. 41, No. 20, 2002



Cyano-Bridged Copper(ll)-Copper(l) Mixed-Valence Polymers

cm, whereas ford, with trigonal copper(l) centers, the
v(CN) vibration appears as a relatively wide band centered
at 2118 cm?. This trend has also been observed for other
copper(l) complexes, such as simple [Cu(gJN) anions?!

and is more likely due to the decrease of the average
Cu(D)—CI/N bond distances as the coordination number
decreases (for crystallographically characterized cyano-
cuprates, Cu(h-C/N distances are found to range from 1.80
to 1.86 A in nearly linear dicoordinated systems, increasing
to 1.92-1.96 A in three-coordinated complexes and further
to 1.94-2.0 A for four-coordinated cynocupraté?)n fact,

it has been recently shown that a correlation exists between

v(CN) and Ag(l>-C/N bond lengths in several Ag{)
cyanide complexes, such thaCN) increases with decreas-
ing Ag—C/N bond lengtt¥® Complexesdl and4, with average
Cu(l)—C/N distances of 2.04 and 1.92 A, respectively, follow
a similar trend as the(CN) for the former appears at lower
wavenumber than the latter. Complex@and3 both exhibit
two v(CN) bands at about 2145 and 2125 ¢ithis latter
of much more intensity, which appear as a consequence o
the nonequivalence of the bridging cyanide groups with
different M—C/N bond distances and €&CN/NC bond
angles. Both complexes, containing Ce{ON—Cu(ll) bridges,
have two similar short and one long average bond distance
(sum of the Cu(l}-C and Cu(ll>-N bond distances) of 1.96
and 2.045 A, respectively, f& and 1.93 and 1.99 A fcB.
In this case, however, no correlation betwadN) and
M—C/N bond distances can be established. Factors other
than Cu-C/N bond distances must affec(CN) bands.
Electronic Spectroscopy.The electronic reflectance spec-
trum of 1 in the visible region exhibits a broad—d
absorption band centered at 17.8510° cm*. The energy
of this transition agrees well with those found for other
square-planar CuNcomplexe$* Complexes2 and 3 are
characterized by very similar electronic reflectance spectra,

consisting of a strong absorption, that spread the entire visible

region, with a maximun centered at 15.4010° and 14.50
x 10° cm™?, respectively, and a lower energy, lower intensity
shoulder at around 10« 10° cm . These spectra are
consistent with a square-pyramidal rather than a trigonal-
bipyramidal CuN stereochemistr§: The latter type generally
exhibits an intense and broad band at arounck 110° cm*
with, if observed, a higher energy, lower intensity shoulder
at around 15x 10° cm™L. The fact that comple8, with a
geometry very near to regular trigonal-bipyramidal geometry,
presents almost the same spectra, agith a distorted square-
pyramidal geometry, might be supporting evidence for an
intervalence charge-transfer band through the bridging
cyanide groups at around 2510° cmtin both complexes.
Emission Spectralt is well-known that numerous mono-
and polynuclear copper(l) complexes exhibit luminiscence

(21) Nakamoto Klinfrared and Raman Spectra of Inorganic and Coordina-
tion Compounds4th ed.; John Wiley and Sons: New York, 1986;
p 273.

(22) Kroeker, S.; Wasylishen, R. E.; Hanna, JJVAm. Chem. Sod999
121, 1582.

(23) Bowmaker, G. A.; Effendy; Reid, J. C.; Rickard, C. E. F.; Skelton, B.
W.; White, A. H.J. Chem. Soc., Dalton Tran$998 2139.

(24) Hathaway, B. J. I€omprhensie Coordination ChemistryWilkinson,
G., Ed.; Pergamon Press: Oxford, 1987; Vol. 5.
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Figure 5. Excitation (withAem = 372 nm) and emission (withex = 320
nm) spectra of comple4in the solid state at 298 K. Intensity is in arbitrary
units.

300

in the solid state and in solutidh.Metal-to-ligand charge
transfer is the most common assignment of the lowest
electronic excited state, but copper-centered emissir (d

fdgsl), ligand-centered emission, and interligand charge

transfer are possibRs.We have studied the luminescence
properties of compounds—4. Mixed-valence complexeg,

and 3, show no luminescence whereas compleaxhibits
very weak luminescence at 77 K. The emission spectrum
for 1 has a maximum at 521 nm with excitation maximum
at 332 nm. The room temperature emission spectru of
(see Figure 5), however, exhibits an intense maximum at
371 nm with a full width at half-maximum of 45 nm. The

577 K luminescence is more intense (as expected because of

the decrease of the nonradiative thermal activated process),
with its band maximum at 380 nm, an energy close to that
observed at room temperature. The emissioh amd4 can
be tentatively assigned to copper-to-cyanide transfer because
the oxidation state of the copper atoms bridged by cyanide
in both compounds ig-1. Nevertheless, intraligand transi-
tions cannot be ruled out. The maximum at 527 nm Xor
appears, however, at relatively low energy as to be assigned
to intraligand transitions. Finally, transitions involving
interactions between coppers can probably be eliminated
because of the relatively long distance between metal atoms
in 1 and4.

Magnetic Properties. The magnetic behavior of is
consistent with that expected for a noninteractifdod, as
the room temperature effective magnetic moment remains
constant and equal to 1.6 from room temperature to 2

The temperature dependence of the magnetic susceptibili-
ties for2 and3 is given in Figures 6 and 7, respectively, in
the form of aymT vs T plot, ym being the corrected magnetic
susceptibility per Cu(ll) atom. In both cases, el values
at room temperature are 0.41¥mol* K and remain almost
constant until 50 K, then they continuously decrease to 0.35
(2) and 0.098 crimol™ K (3) at 1.7 K. For compoung,
theym curve presents a maximum at 2.5 K (see the inset of

(25) Vitale, M.; Ford, P. CCoord. Chem. Re 2001, 219 3. Ford, P. C;
Cariati, E.; Bourassa, Chem. Re. 1999 99, 3625. McMillin, D. R.;
Kirchhoff, J. R.; Goodwin, K. V.Coord. Chem. Re 1985 64, 83.

(26) Henary, M.; Wootton, J. L.; Khan, S. I.; Zink, Jlhorg. Chem 1997,
36, 796.
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0.42 From a magnetic point of views can be described, to a
first approximation, as a Cu(ll) regular chain where the
paramagnetic Cu(ll) ions are linked by the diamagnetic
N—C—Cu()-C—N bridge. The fitting of the experimental
data through an antiferromagne®= %/, uniform chain
model (the Hamiltonian beingd = —J5;5S+1)% with a
molecular field correction to incorporate interchain exchange
interactions leads td= —2.739(5) cm?, g = 2.117(2) zJ=
—0.31(2) cm?, andR = 3.1 x 1075
As far as we know, quite a few examples of bimetallic
systems containing diamagnetic cyanometalate bridging units
between paramagnetic ions with only-tgpe magnetic
orbitals have been reported so far. For compounds[RRh
(pn)][Co(CN)g]-H20,2° [Ni(en),]s[Co(CN)]2:2H,02° and
[{ Cu(dien)}Co(CN)} JJ[Cu(dien)(HO)Co(CN}],-5H,0% with
a 1D zigzag chain, rope-ladder chain, and one corner-sharing
. , , , . square unit chain structures, respectively, weak antiferro-
0 100 200 300 magnetic exchange interactions were reported. These interac-
T(K) tions are more likely due to a combination of intra- and
Figure 6. Temperature dependence mT and field dependence of M interchain interaCtiOI’lS; the Iatter, antiferl’omagnetic in nature,
(inset) for2. Solid lines represent the theory (see text). is mainly mediated by hydrogen bonds involving water,
nonbridging cyanide, and amino groups of the respective
diamines. However, for compounds [Ni(gh)Fe(CN)]-
(PR)2*2 and [Cu(en)(HO)]J[Fe(CN)]-4H,0 22  with
[Fe(CN)]*~ bridging units and 3D and 1D structures,
respectively, as well as for (tmen)Cu[Au(GN)3* with
[Au(CN).]~ bridging groups and 1D structure, weak ferro-
magnetic interactions were observed between paramagnetic
ions. In the two former cases, theexchange pathway
between the nearest paramagnetic M(ll) ions (M@)
Ni(ll) or Cu(ll)) takes place through the empty drbital of
the Fe(ll) (") and this, according to Goodenough
Kanamori’s rules, leads to a ferromagnetic interaction. This
0.0 - T - T interpretation, however, can be applied neither to (tmen)-
0 100 200 CU[AU(CNY]2, where the Au(l) center exhibits a%con-
T(K) figuration, nor to the above-mentioned [Co(@R)-containing
Figure 7. Temperature dependence pfT andym (inset) for 3. Solid systems (C8 also in a £ configuration) exhibiting anti-
lines represent the theory (see text). ferromagnetic exchange interactions. Note that it has been
Figure 7), while no susceptibility maximum was observed recently shown that in a heptanuclear Fe(ll)Fegltijixed-
for 2. These features indicate that weak antiferromagnetic valence systert, the diamagnetic hexacyanoferrate(ll) unit
exchange interactions between copper(ll) ions mediated bymediates ferromagnetic interactions between the Fe(lll)
CN—Cu(l)-CN diamagnetic bridges occur. Taking into centers. This behavior was justified by the interaction of the
account the triangular arrangements of Cu(ll) ions within ground configuration with the excited configuration, gener-
each corrugated sheet @& we have used an isotropic ated by electron transfer from the low-spin'Hen to one
triangular planar model with local spi = %/,, based on  of the high-spin F& ions. For the Cu(h-Cu(ll) mixed-
high-temperature series expansions using the Hamiltonianvalence compounds reported here, where no hydrogen
H = —J%;SS.?” The values obtained by fit ade= —0.065
(3) cm!andg = 2.105(2) withR = 1.0 x 10°® (Ris the (28) Bonner, J.; Fisher, M. EPhys. Re. 1964 135 A640.
agreement factor defined iS[(XMT)eXp(i) _ (;{M'I')C""'C(i)]zl (29) %Z%a, M.; Usuki, N.; Fukita, N.; Okawa, thorg. Chem.1998 37,
SilGmT)EX0)]?). In keeping with the observed weak anti- (30) Ohba, M.; Fukita, N.; Okawa, H. Chem. Soc., Daltoh997, 1733.
ferromagnetic interaction, the magnetization curve as a (31) Ferbinteanu, M., Tanase, S.; Andruh, M.; Journaux, Y.; Cimpoesu,

. . . . . F.; Strenger, |.; Riviee, E. Polyhedron1999 3019.
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6) lies slightly below that of the Brillouin function for a spin Chem.1998 37, 842. _
doublet (33) Luo, J.; Hong, M.; Chen, C.; Wu, M.; Gao, org. Chim. Acta
: 2002 328, 185.
(34) Leznoff, D. B.; Xue, B.-Y.; Patrick, B. O.; Sanchez, V.; Thompson,

(27) (a) Rushbrooke, G. S.; Baker, G. A.; Wood, P. Plase Transitions R. C.J. Chem. Soc., Chem. Comm@001, 259.

and Critical PhenomenaDomb, C., Green, M. S., Eds.; Academic  (35) Rogez, G.; Marvilliers, A.; Riviere, E.; Audie, J. P.; Lloret, F.; Varret,

Press: New York, 1974; Vol. lll, Chapter 5. (b) Yamaji, K.; Kondo, F.; Goujon, A.; Mendenez, N.; Girerd, J. J.; Mallah Ahgew. Chem.,

J.J. Phys. Soc. Jprl973 35, 25. Int. Ed. 200Q 39, 2885.
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bonding interactions exist, the observed magnetic exchangeations, in principle, the magnetic exchange interactior2for
interaction might be the result of the sum of two contribu- should be larger than that {8 However, a closer examina-
tions: one arising from the pure ground-state configuration, tion of the structures clearly reveals that €CN and Cl—
which, in view of the previous results, would be either weak CN bond angles for the former are more deviated from
ferro- or antiferromagnetic, and the other one from the linearity than those for the latter. This would reduce the
charge-transfer configuration C.cCN—Cu'—CN—Cu' that magnetic exchange interaction &nto such an extent that
mixes with the ground-state configuration. This latter the antiferromagnetic interaction f@& would be superior.
contribution, antiferromagnetic in nature, would be of greater  Neyertheless, more examples of bimetallic and mixed-

magnitude that the former, thus leading to an overall \4jence complexes with diamagnetic cyanometalate bridging

antiferromagnetic exchange interaction. _ units are needed to clarify the nature of the weak magnetic
Finally, the difference in magnitude of the antiferromag- teractions mediated by these types of bridges.
netic interaction observed f& and 3 can be tentatively

justified by taking into consideration the nature of the  Acknowledgment. This study was financially supported
magnetic orbitals and the geometrical features of the py the Direccim General de InvestigaaioCientfica y
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the CN bridging groups in the basal plane. Bpthe copper-

(1) ion, however, displays a trigonal bipyramid geometry ~ Supporting Information Available: X-ray crystallographic
with a d2 magnetic orbital directed to the axial positions. files, in CIF format, for compounds [Cu(pA)Cuz(CN)4] (1),
Thus, while in compoun@® the majority of the exchange  [CU(CN)(dmen)] @), [Cus(CN),(tmen)] @), and [NEE][Cu(CN)s]
pathways involve basal positions,3rihe exchange pathways (4). This material is available free of charge via the Internet at
involve equatorial positions where the spin density is half NtP/pubs.acs.org.

of that in apical positions. In view of the above consider- 1C025743v

Inorganic Chemistry, Vol. 41, No. 20, 2002 5149



